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LCx Lethal Concentration at which x % of the population died
LCH lambda-Cyhalothrin
LOEC Lowest Observed Effect Concentration
NOEC No Observed Effect Concentration
OC Organic Carbon
POC Particulate Organic Carbon
SE Standard Error of the Mean
SPE Solid Phase Extraction
SRP Soluble Reactive Phosphorus





1. General aim and scope
Freshwater ecosystems in Europe suffer from various serious problems. Two important ones,
which significantly alter the structure and function of aquatic ecosystems, are the pollution
with environmental chemicals, e.g. pesticides (Köhler and Triebskorn, 2013; Schaefer et al.,
2011), and the eutrophication by nutrients, especially phosphorus and nitrogen (Smith and
Schindler, 2009; Smith, 2003). The following study investigated the impact of pesticides
on an important function of lotic ecosystems, the benthic grazing, which is extraordinarily
important in order to cope with the effects of eutrophication in the lotic environment.
Eutrophication of lotic ecosystems and the function of benthic grazing
Eutrophication of an aquatic ecosystem is defined as the increase of primary production, due
to an increased availability or utilisation of nutrients (Schwoerbel and Brendelberger, 2005;
Uhlmann and Horn, 2001; Begon et al., 2006). Effects of eutrophication in lotic ecosystems
vary with the stretch as well as with the respective physicochemical and morphological
circumstances of the water body. In flowing stretches of rivers and bigger streams eutroph-
ication will increase the macrophyte biomass, whereas in smaller streams, which are not
suitable for macrophytes, the biomass of benthic algae embedded in the aufwuchs will be
increased (Schwoerbel and Brendelberger, 2005). The aufwuchs, also called biofilm, is a
divers community of auto- and heterotrophic organisms, which colonise surfaces within lotic
environments e.g. stream beds. Especially in streams aufwuchs is the main source of primary
production (details see 2.1.1, p.7), due to the missing macrophytes. The development of
aufwuchs biomass shows an usual temporal pattern during the year with biomass peaks in
spring and autumn (Hill et al., 2001; Ibisch et al., 2009; Sumner and Fisher, 1979; Figure
1.1). Particularly during spring, before foliation of deciduous trees, aufwuchs biomass in-
creases markedly, due to increasing light availability and higher water temperatures (Hill
et al., 2001). High nutrient availability, due to eutrophication, can amplify this process
leading to very high aufwuchs biomasses, which can decrease the infiltration of stream water
into the hyporheic interstitial and finally even lead to a complete sealing of the stream bed.
This process is thereby enhanced by fine sediments (Graham, 1990), which get trapped
within the mucilage matrix of glycoproteins and polysaccharides the different parts of the
aufwuchs community are embedded in (Burkholder et al., 1990; Roemer et al., 1984). This
1

















































Figure 1.1.: Development of the aufwuchs biomass and biomass of the grazer Rhithrogena semicolorata in the
Gauernitzbach near Dresden in 2005 and 2006 (pers. com. C. Winkelmann). brown - Ash Free Dry Weigth
of aufwuchs, black - grazer biomass, grey - emergence period of grazers.
process is called external biological colmation (Ibisch et al., 2009; Ragusa et al., 1994). The
consequences of colmation are wildly described and include the reduction of habitat quality
and available refugial space for organisms (Wood and Armitage, 1997; Brunke and Gonser,
1997). Furthermore, reduced sediment permeability results in decreased surface-subsurface
exchange, which lead amongst others to reduced oxygen concentrations in the hyporheic
interstitial, hence, aﬀecting the metabolic eﬀectiveness of organisms within the interstitial
(Ibisch et al., 2009).
To prevent such biological colmation the growth of aufwuchs has to be controlled, es-
pecially during spring. This function is provided by invertebrate herbivores (grazers), which
feed primarily on aufwuchs in streams and, thus, eﬀectively reduce and control the aufwuchs
biomass (Hillebrand, 2008; Anderson et al., 1999; Feminella and Hawkins, 1995; Jacoby,
1987; Gregory, 1983; Figure 1.1). Important benthic grazers are for example snails and larvae
of diﬀerent insects like mayﬂies (Ephemeroptera), caddisﬂies (Trichoptera), midges (Diptera:
Blephariceridae) and beetles (Coleoptera: Psephenidae) (Schwoerbel and Brendelberger,
2005). Especially some species of the family of Heptageniidae (Ephemeroptera) are known
to be important and eﬀective grazers, due to their almost exclusive feeding on aufwuchs
(Schmedtje, 1996) and their high abundance and biomass in streams (Anderson et al., 1999;
Feminella and Hawkins, 1995).
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Anthropogenic factors and their direct and indirect effects
The aquatic environment in Europe is strongly shaped by anthropogenic factors like mor-
phological changes, nutrient loads or environmental chemicals. Whereas consequences of
morphological degradation and increased nutrient loads are well known and mainly accepted,
the role of environmental chemicals on the ecosystems scale is still under discussion and
a goal of research. In this context particularly pesticides are of special concern, due to the
intended spreading of huge amounts within industrialised agriculture and the high biological
activity of these substances (Köhler and Triebskorn, 2013; Schaefer et al., 2011). Regular
monitoring programs and various scientific studies have demonstrated that running water
ecosystems in Europe are polluted with pesticides (Schaefer et al., 2011; Quednow and
Püttmann, 2007; Schaefer et al., 2007; ARGE Elbe, 2004; Arndt-Dietrich, 2002). Once
they enter the aquatic environment, pesticides can cause direct toxic effects on non-target
organisms such as macroinvertebrates or aufwuchs biofilm. The effects vary thereby with
the intensity and the duration of an exposure. A short exposure may only alter the behaviour
of macroinvertebrates, e.g. the drift activity, the foraging behaviour or the predator avoid-
ance behaviour, or reduce the performance of the photosynthesis in primary producers. But
with raising exposure intensity and duration the probability of lethal effects will increase as
well, with the consequence of abundance reduction or even extinction of certain species and
alterations of the community structure (Relyea and Hoverman, 2006; Liess and Von der Ohe,
2005; Fleeger et al., 2003).
Additionally, indirect effects may occur within or between trophic levels (Relyea and
Hoverman, 2006). An indirect effect within a trophic level could be the replacement of one
species by another, due to altered competitiveness of the single species induced by a pesticide
(e.g. Rohr and Crumrine, 2005). An indirect effect between trophic levels can be a top-
down or bottom-up trophic cascade (Relyea and Hoverman, 2006; Fleeger et al., 2003). For
instance a reduction of primary producers biomass by a herbicide can induce a reduction of
the biomass of associated grazers (e.g. Brust et al., 2001; Jüttner et al., 1995). The different
ways of direct and indirect interactions of pesticides can also be compared with density and
trait mediated direct/indirect effects from population ecology (Relyea and Hoverman, 2006).
On the one hand a pesticide can induce mortality, which causes a change of the density of a
species. On the other hand a pesticide may only alter the behaviour of a certain species in
terms of prolonged foraging times or reduced predator avoidance behaviour. Both effects will
finally influence further linked species in different kinds. Whereas a predator may benefit
from a trait change of the prey, due to increased food availability (trait mediated indirect
effect), a density change of the prey will reduced its food availability (density mediated
indirect effect) and, hence, affect the predator negatively.
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1. General aim and scope
Figure 1.2.: Cumulative herbicide (green) and insecticide (red) concentration in the Elbe river near Schmilka
in the years 2010-2011. The pictures show one lifecycle of R. semicolorata during this time. Data from the
State Office for Environment, Agriculture and Geology Saxony (Landesamt für Umwelt, Landwirtschaft
und Geologie Sachsen - LfULG)
Specific problem and hypothesis
The present study will focus on the direct and indirect effects of pesticide exposure on the
interaction of benthic aufwuchs and consuming grazers from stream ecosystems and the
resulting effects on the function of benthic grazing. The function of benthic grazing, which
is especially important during spring, requires a high biomass and abundance of specialized
grazers, which feed exclusively and effectively on aufwuchs (Hillebrand, 2008; Anderson
et al., 1999; Feminella and Hawkins, 1995). In the present experiment the larvae of the
mayfly Rhithrogena semicolorata were used as test organism, due to their high abundance
and relevance in streams (Winkelmann et al., 2007) and their feeding specialisation on
aufwuchs (details see 2.1.2 10). Apart from natural abiotic and biotic stress, the larvae of
R. semicolorata are exposed to different pesticides during their life cycle (Figure 1.2). After
hatching during late summer the larvae are firstly exposed to mixture of different pesticides,
due to agricultural activity. Especially herbicides are applied during late summer and autumn
as well as in early spring as pre-emergence herbicides. These herbicides are mainly active
within the upper centimetres of the soils to prevent the growth of weeds on the fields. As
they are applied directly on the soils they can easily enter the aquatic environment during
rainfall and may affect the aufwuchs in lotic ecosystems, which is the main food source for
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the mayfly larvae. The first experiment of this study (chapter 3) focuses therefore on the
effects of a solely herbicide exposure on the grazer-aufwuchs-interaction in autumn and early
winter. As model herbicide Terbutryn was chosen, due to its relevance for the aquatic environ-
ment. Terbutryn was formerly used as pre-emergence herbicide in agriculture (Quednow and
Püttmann, 2007) and furthermore for macrophyte and algae control in navigable channels
(Murphy et al., 1981). It lost approval for agricultural use in Europe, due to the European
Council Directive 91/414/EEC and the European Commission Regulation 2076/2002, but is
still approved as biocide according to EU directive 98/8/EG e.g. in antifouling paints and
coatings. Terbutryn is therefore still suggested for addition to the list of priority substances
of the european water framework directive. The aim of the first experiment was to determine
effect concentrations for the direct effect of Terbutryn on aufwuchs. Moreover, it was invest-
igated if the behaviour (drift activity) and the development (growth and the physiological
condition) of the grazers were indirectly negative affected by the herbicide. The hypothesis
of the Terbutryn experiment were:
H0: Low Terbutryn exposure concentrations will not induce a trophic cascade and
benthic grazers will not be indirectly affected
H1: Even low exposure concentrations of Terbutryn will induce a trophic cascade,
which indirectly affects the grazer R. semicolorata
During spring the usage of herbicides and insecticides in the environment is raising
again to prevent the development of weeds and pests on the fields. Especially insecticides
may interfere during this time with the development of grazers, due to their direct effects on
grazer survival and behaviour (Norum et al., 2010; Beketov and Liess, 2008; Palmquist et al.,
2008; Alexander et al., 2007). Considering the importance of the benthic grazing especially
during spring to control the increased aufwuchs growth, increased mortality and behavioural
changes induced by insecticides may disturb the function of benthic grazing directly during
this important time of the year. The second investigated scenario (chapter 4) aimed, therefore,
on the effects of a solely insecticide exposure on the grazer-aufwuchs-interaction during
spring. As model insecticide the pyrethroid lambda-Cyhalothrin was chosen. Pyrethroids,
especially lambda-Cyhalothrin, have a generally high lipophilicity, which lead to a rapid
disappearance of these substances from the water column (Maund et al., 1998; Farmer et al.,
1995). Although they are highly toxic to invertebrates they are often promoted as more
environment-friendly compared to other insecticides, due to their fast disappearance. In
fact, the high lipophilicity of these substances lead to fast adsorption to organic contents and
surfaces within the aquatic environment, where they are bioavailable to organisms such as
invertebrate grazers (Palmquist et al., 2008; Amweg et al., 2006). The aim of the second
5
1. General aim and scope
scenario was to investigate, whether low exposure concentrations of lambda-Cyhalothrin are
capable to induce apart mortality further sublethal effects like reduced feeding in the grazer
R. semicolorata and if these sublethal effects reduce the effectiveness of the grazing. As the
aufwuchs may benefit from the insecticide exposure of grazers, also the indirect effects on
aufwuchs were assessed. The respective hypothesis of the lambda-Cyhalothrin experiment
were:
H0: Sublethal concentrations of lambda-Cyhalothrin will not affect the grazing
performance of R. semicolorata, hence, aufwuchs will not benefit from grazer
exposure to LCH
H1-1: Even very low concentrations of lambda-Cyhalothrin are capable to disturb
the normal behaviour of R. semicolorata, hence, their grazing performance
H1-2: lambda-Cyhalothrin induce a trophic cascade, which lead to a positive indirect
effect on the aufwuchs
The described annual exposure pattern of herbicides and insecticides already illustrates
that there is a potential risk that grazers are continuously affected by direct and indirect effects
of pesticides during their development. Additionally to the single effects of pesticide it seems
very plausible that the described subsequent exposure moreover acts synergistically. Grazers
already indirectly affected by an earlier herbicide exposure may react much stronger to a
subsequent insecticide exposure compared to untreated ones. Therefore, the final scenario
(chapter 5) investigated the effects of a time-shifted combined exposure of a herbicide and an
insecticide on the grazer-aufwuchs-interaction and the resulting effectiveness of the benthic
grazing in extended experiments. The hypothesis of the combined exposure experiment were:
H0: The indirect effect of a previous exposure with the herbicide Terbutryn on the
grazer R. semicolorata will not increase the effect strength of a subsequent
exposure with the insecticide LCH
H1-1: The indirect effects of Terbutryn on R. semicolorata will decrease their cap-
ability to cope with a subsequent LCH exposure, which increases the effect
strength of LCH on grazers
H1-2: The combined exposure will lead to an stronger indirect effect on aufwuchs
6
2. General methods
This chapter contains the applied methods used in this study. Deviations and supplements
from these methods are described in the respective chapters.
2.1. Characterisation of study organisms
2.1.1. Aufwuchs
Aufwuchs, biofilm, microphytobenthos or periphyton are often synonyms for the auto- and
heterotrophic microbial community adhering at surfaces especially in the aquatic environ-
ment. In this study the term aufwuchs will be used. Aufwuchs consists of spatial and
temporal variable fractions of autotrophic organism (benthic algae) such as Chlorophyceae
(green algae), Rhodophyceae (red algae), Cyanophyceae (blue green algae), Chrysophyceae
(golden algae) and Bacillariophyceae (diatoms) as well as a heterotrophic fraction with
miscellaneous bacteria, fungi and protozoa, furthermore different metazoa like rotifers up to
small arthropods (Allan and Castillo, 2007; Uhlmann and Horn, 2001). Bacteria and diatoms
often provide a mucilage matrix of secreted/excreted glycoproteins and polysaccharides in
which the community is embedded (Burkholder et al., 1990; Roemer et al., 1984). Categor-
ization of aufwuchs can be based on the surface on which the aufwuchs grows e.g. epilithon
(stones), epipelon (sediments), episammon (sand), epixylon (wood) and epiphyton (other
plants such as macrophyts) (Allan and Castillo, 2007). In this study epilithic aufwuchs from
streams was used, which mainly consisted of diatoms and blue green algae as well as a small
fraction of green and red algae (Rybicki et al., 2012; Avramov, 2007, Figure 2.1).
Energy fluxes in lotic ecosystems base on the one hand upon inputs from the catchment
area (allochthonous) and on the other hand upon primary production within the ecosystem
(autochthonous) (Allan and Castillo, 2007; Bott, 1983; Vannote et al., 1980). Aufwuchs is an
important primary producer in streams, especially if physical conditions, e.g. flow velocity
and frequency of floods, do not provide a suitable habitat for the growth of macrophytes
or phytoplankton (Allan and Castillo, 2007; Schwoerbel and Brendelberger, 2005). The
contribution of aufwuchs on the total energy input in streams vary in respect to physical and
chemical conditions within streams and the sourounding area, which influences the ratio
7
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Figure 2.1.: Left: Tiles covered with aufwuchs in an artiﬁcial indoor stream. Right: View into the living
aufwuchs community with a ﬂuorescent stereobinocular microscope at 18 fold magniﬁcation.
of allochthonous inputs and autochthonous production. For an appalachian river Hill and
Webster (1982) estimated a proportion of aufwuchs on total organic input of 19.5 %. In
a desert stream Cushing and Wolf (1984) determined a proportion of aufwuchs on gross
primary production of even 94 %. General estimates of the net primary production of
aufwuchs in rivers ranges between 0.01 to 0.1 gCm−2 d−1 for shaded stretches and 0.25
up to ca. 2 gCm−2 d−1 in stretches without canopy (Allan and Castillo, 2007; Mulholland
et al., 2001; Cushing and Wolf, 1984; Hill and Webster, 1982; Hornick et al., 1981). Apart
from this quantitative aspect, aufwuchs is also a qualitative sophisticated food source for
aquatic herbivores in streams, due to its protein and lipid richness (Gregory, 1983; Naiman
and Sedell, 1979; Cummins and Wuycheck, 1971).
The community structure of aufwuchs depends heavily on the physicochemical char-
acteristics of the environment and the age of the community. In general aufwuchs can be
categorized in a low proﬁle community of small adherent cells in areas of higher current
and in recently occupied areas, which can be characterised as autotrophic (Figure 2.2 left).
Furthermore a high proﬁle community of stalked cells and colonies occurs with decreasing
ﬂow velocity and increasing age of the community (Allan and Castillo, 2007; Johnson et al.,
1997; Roemer et al., 1984). This community consists of a more heterotrophic bottom layer,
due to resource limitation on the ground of the aufwuchs, and a more autotrophic canopy
layer (Johnson et al., 1997) (Figure 2.2 right). Hence, the latter community shows an higher
vulnerability to sloughing, due to the senescence of the bottommost layer and the accom-
panying loss of attachment (Allan and Castillo, 2007; Johnson et al., 1997; Jacoby, 1987;
Roemer et al., 1984).
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Figure 2.2.: Low (left) and high proﬁle (right) community of aufwuchs with (a)utotrophic and (h)eterothropic
layers.
2.1.1.1. Establishment of aufwuchs in the laboratory
In streams or rivers aufwuchs is usually adhered to surfaces of stones or other objects. Such
surface areas are often diﬃcult to determine, hence, it is diﬃcult to estimate the quantity of
aufwuchs harvested from diﬀerent objects. Therefore, an aufwuchs vector with a deﬁned
surface area was necessary for the experiments. Thus, aufwuchs was established on similar
unglazed ceramic tiles (4 x 6 cm) in this study. Tiles were washed previously in a laboratory
dishwasher (G7783, Miele, Germany) at 70 °C and placed in glass aquaria ﬁlled with a 6 cm
layer of modiﬁed Borgmann media. The aufwuchs was obtained from the Gauernitzbach
near Dresden (see Section 2.1.2.1 for details) by scraping aufwuchs with stream water
and a merchantable hand brush from stones into a plastic bowl (Figure 2.3). Resulting
aufwuchs suspension was ﬁltered through a 250 μm mesh to remove macroinvertebrates and
bigger particles and ﬁlled into 1 L HDPE-bottles. Afterwards, the aufwuchs suspension was
immediately transported to the laboratory, where it was pooled in 3 L-Erlenmeyer ﬂasks.
Aufwuchs suspension was then equally added to the prepared glass aquaria, where it was
equally distributed by stirring. Aquaria were kept in the dark afterwards for sedimentation of
aufwuchs on the tiles. After 24 h the overlaying media was removed with a ﬂexible tube. In
the following 96 h aufwuchs grew on the tiles under normal light/dark cycle (12/12). High
humidity was ensured by placing wet paper tissues inside the glass aquaria, which were
closed with glass plates as described in detail by Bohle (1978). The tiles were afterwards
covered with a slight layer of aufwuchs. The further processing of the covered tiles is
described in the respective chapter.
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Figure 2.3.: Steps for the preperation of aufwuchs. 1) Scraping aufwuchs from stones; 2) Filter aufwuchs
suspension through a mesh into a bottle for transport; 3) Pooling of suspension in the laboratory; 4)
Inoculation of prepared aquaria with aufwuchs suspension; 5) Removing of overlaying media after 24 h; 6)
After further 96 h the aufwuchs covered tiles were ready for use.
2.1.2. Grazer - Rhithrogena semicolorata
Grazing in general means the feeding of a herbivore on a plant. Likewise aquatic grazers can
be classiﬁed into functional feeding groups according to Cummins (1973). From the set of
ecotoxicological standard test organisms only some species of the genus Chironomus belong
partly to the intended feeding group of scrapers. However, their short life cycle, their general
low specialization on aufwuchs (Mauch and Schmedtje, 1996) and their low relevance as
grazers in streams limit their suitability for this study. Therefore, the larvae of the mayﬂy
Rhithrogena semicolorata (Curtis, 1834; Ephemeroptera:Heptageniidae; Figure 2.4) were
used in the present study as test organisms. Although R. semicolorata is not a common
species in standardised ecotoxicological studies, larvae of this species has been successfully
used in former micro and mesocosm experiments (Rybicki et al., 2012; Licht et al., 2004).
R. semicolorata belongs to the feeding group of scrapers and almost exclusively feed
on benthic aufwuchs by scraping it from stones or organic matter like leafs (Mauch and
Schmedtje, 1996; Cummins, 1973). Larvae generally can be found in the riﬄe sections
of streams and rivers in a range of the epirhitrhal to the epipotamal with the center of
distribution within the hyporhithral area (Bauernfeind and Humpesch, 2001; Mauch and
Schmedtje, 1996; Elliott et al., 1988). R. semicolorata performs an univoltine life cycle i.e.
it develops only one generation of adults per year with a highly synchronized emergence
period. As growth of larvae is temperature dependent, the time of emergence also vary
10
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Figure 2.4.: Larvae of the mayﬂy Rhithrogena semicolorata.
between localities. For instance for the British isles emergence of R. semicolorata has been
reported between April to September (Elliott et al., 1988). For the locality around Dresden
(Germany), where the experiments have been performed, an emergence period from April
to June was reported by Winkelmann and Koop (2007). Mating of R. semicolorata takes
place in swarms of males hovering above streams in the dusk. Females ﬂy into these swarms
and get fertilized on the wing (Williams and Feltmate, 1992; Wesenberg-Lund, 1943). Each
female contains approximately 1500 to 1800 eggs (Rybicki et al., 2012; Winkelmann and
Koop, 2007), which will be deposited in the stream afterwards. Eggs develop within a
few weeks and larvae overwinter and develop in the stream bed until next spring (Elliott
et al., 1988). The high fecundity of R. semicolorata is thereby necessary to compensate the
high natural losses until emergence e.g. low hatching success, mortality, predation (Elliott
et al., 1988). Nevertheless, this high fecundity makes R. semicolorata a highly abundant and
important benthic grazer in streams and rivers (Winkelmann et al., 2007). Hence, it is a good
representative of the functional group of "grazers" in a study of grazer-aufwuchs-interactions
(Meyer and Poepperl, 2003; Mauch and Schmedtje, 1996; Elliott et al., 1988).
2.1.2.1. Sampling of R. semicolorata
The used specimen were taken from the Gauernitzbach and the Tännichtgrundbach respect-
ively; small second-order mountain streams that drains approximately 15 km downstream of
the city Dresden (Germany) into the river Elbe (Winkelmann et al., 2003; Winkelmann and
Koop, 2007). Organisms were obtained by kick sampling (Whitehurst and Lindsey, 1990).
Caught organisms were transferred in plastic boxes ﬁlled with stream water and transported
11
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to the laboratory at ca. 4 °C immediately. In the laboratory the larvae were kept in aerated
glass tanks in a greenhouse at 15 °C until use. For the experiments only healthy organisms
without injuries were used.
2.2. General experimental design
Two kinds of experiments were performed during this study, replicated batch experiments
and more complex artificial indoor stream (AIS) experiments. The general schedule of
all experiments was similar (Figure 2.5). Before the start of any experiment, aufwuchs
was cultured on the tiles as described above. The first period of each experiment (pre-
application period) was a growth phase for the establishment of a stable aufwuchs biomass.
This was performed in separate growth aquaria (batch experiments) or already in the AIS
(AIS experiments and some batch experiments). In some experiments the pre-application
period was used to adapt the grazer to the test system. The main period of each experiment
(exposure phase) started with the application of the test substance. Detailed schedules of the
experiments are depicted in the respective chapters.
t0 t-x tx 
Application 
Preapplication period Exposure period 
Figure 2.5.: General schedule of all performed experiments. Each experiment started with a pre-application
period, in which the aufwuchs was cultivated. Afterwards a exposure period with one or two applications
of chemicals followed.
2.2.1. Batch experiments
Batch experiments were performed for the single insecticide exposure experiment (Chapter
4) and for the combined herbicide and insecticide exposure experiment (Chapter 5). For the
single herbicide exposure experiments no batch experiment was performed, because required
data were available from previous experiments (Rybicki et al., 2012).
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Figure 2.6.: View on a batch experiment in the greenhouse performed in glass beakers.
The batch experiments were performed in 2 L glass beakers, which were placed
randomly in a temperated cooling bath under a laboratory hood (first batch experiment) or
in a greenhouse (Figure 2.6). Each concentrations and control were thereby quadruplicated.
Beakers were filled with 1 L of modified Borgmann media (for details see Section 2.2.3)
and were aerated with Pasteur-pipettes and a air pump 24 h before start. Experiments
(exposure phase) started after addition of 2 aufwuchs covered tiles and 4 grazers with the
application of the respective test substance and lasted for 28 days. Aufwuchs culturing was
always performed previously in the pre-application period. During exposure period only the
physicochemical water characteristics (for details see Section 2.3.1) were monitored weekly.
Analysis of grazers and aufwuchs was performed after finalisation of the experiments (for
details see Section 2.3.2 and 2.3.3).
2.2.2. Artificial indoor streams
All mesocosm experiments were performed in artificial indoor streams (AIS) at the Institute
of Hydrobiology at the Technische Universität Dresden (Germany, Figure 2.7). The system
consists of 5 stainless steel streams in a greenhouse. Each stream has a total length of 420 cm,
a width of 50 cm and a height of 20 cm. The usable flow path (without wells for the in/outflow
of the water) of the stream has a length of 350 cm. Details are depicted in Figure 2.8. The
flow path is separated by two protective gratings (mesh size 500 and 250 µm). Water flow
was adjusted by a pump (LM 80-125/126, Grundfos, Denmark) and a frequency converter
(VLT 5002, Danfoss, Denmark) to 0.15 m s−1. Cooling of the stream water was provided
by a double sheathed pipe (inner sheath: stream water; outer sheath: coolant) and a cooling
unit. Temperature in the respective experiments ranged from 6 to 12 °C with a accuracy
of ±0.5 °C. Because the artificial streams are placed in a greenhouse, the illumination of
the streams is naturally without an artificial light source and depends on the season and the
13
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weather. Further technical details of the system can be found in Jungmann et al. (2001b) or
Jungmann et al. (1999).



















Figure 2.8.: An assembly drawing from side (a) and top (b) view of an artificial indoor stream. a) P - pump; IR
- inflow reservoir; OR - outflow reservoir; FP - flow path; F - flow direction; DSP - douple sheated pipe; b)
A/B - channels of the flow path; M - mesh to separate the flow path and channels from the outflow reservoir;
all sizes are in mm (modified according to Jungmann et al. (2001b).
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2.2.3. Modified Borgmann media
In all experiments modified Borgmann media (Borgmann, 1996, LO4-S and additives E +
H) was used. Ingredients according to Borgmann (1996) were added in particle free and
activated carbon filtered tap water instead of distilled water. Further modifications were
made concerning the original CaCO3 amount of the media, which was reduced to 12.5 %
to prevent precipitation. Additional nutrients (phosphate, nitrate, silicate) were added in
dependence of the experiment and are described in detail in the respective chapters.
2.3. Analytical methods
2.3.1. Physicochemical water characteristics
Water temperatures was regulated by either thermostates (AIS) or by a cooling vessel with
a cooling unit (batch experiment) at respective temperatures. Additionally, conductivity
(cond.), oxygen (saturation and concentration), pH-values and water temperature were de-
termined directly at respective time points with a Multi340i (WTW, Germany) equipped
with respective probes (cond. and temperature - TetraCon 325; oxygen - CellOx 325; pH -
SenTix81; all from from WTW).
For nutrient analysis (only AIS), water samples were taken at the respective sampling
dates (details are depicted in the respective chapters). Samples were filtered through a
cellulose acetate filter (pore size 0.45 µm, 50 mm diameter, Sartorius, Germany) and stored
in the fridge at 4 °C until analysis. Ammonium and soluble reactive phosphorus (SRP) were
determined photometrically within 48 h after sampling according to the respective guidelines
(ammonium: DIN 38406 (1983), SRP: Legler (1976)). Concentration of ammonia was
calculated according to Hamm (1991). A subsample was frozen (-22 °C) to determine nitrate
and nitrite. Determination of the latter was performed using an ion chromatography system
(ISC90, Dionex, USA) with an 8 mM1 carbonate / 1 mM hydrogencarbonat2 eluent (mobile
phase) and an IonPac AS14A separation column as stationary phase. The limits of detection
and quantification of the particular methods are listed in Table 2.1.
Irradiation in the greenhouse was cumulatively determined as light intensity with a
radiometer (IL1400A, Polytec, Germany) and afterwards calculated to mean daily light
intensities.
1Na2CO3, >99,9 %, Merck
2NaHCO3, >99,7-100,3 %, Merck
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Table 2.1.: Limits of detection (LOD) and limits of quantification (LOQ) for the different nutrient analysis. S/N
signal to noise ration.
Analysis LOD [µg L−1] LOQ [µg L−1] Method
SRP 1 4 DIN 32645
Ammonium 6 17 DIN 32645
Nitrate 60 120 3 and 6 times the S/N-ration
Nitrite 90 190 3 and 6 times the S/N-ration
2.3.2. Analysis of aufwuchs
Aufwuchs biomass was quantified in all experiments by analysis of particulate organic carbon
(POC) and/or chlorophyll a content at the respective sampling dates. Aufwuchs was sampled
for both analysis by scraping it with a merchantable tooth brush and 50 mL of tap water
from the tiles into a bowl. A subsample of 1 to 10 mL of the resulting aufwuchs suspension,
depending on the aufwuchs biomass, was filtered over preashed glass fibre filters (500 °C
>45 minutes, MGF, 25 mm diameter, Sartorius) for analysis of POC. Normal glass fibre
filters of the same type were used for chlorophyll a analysis. Filtration was carried out by
under pressure of -0.2 bar using glass filtration equipment and a vacuum pump.
Analysis of particulate organic carbon (POC)
Filters were placed in petri dishes after filtration and dried at 70 °C (12-24 h) for analysis of
POC. Dried filters were stored in an desiccator until analysis in a carbon analyzer (C-200,
Leco, USA). The determined carbon content was corrected against the slightly varying size of
each tile, which was determined with a ruler after scraping of the aufwuchs, and transformed
to carbon content per area according to equation 2.1.
POC =
10 ·C · Vtotal
V f ilter · A (2.1)
POC - particulate organic carbon [mg cm−2]; C - sample carbon content [% g-1]; Vtotal - total water volume for
scraping aufwuchs from tile [mL]; V f ilter - sample volume on the filter [mL]; A - surface area of the tile [cm2].
Analysis of chlorophyll a
After filtration filters were placed in vials (1.5 mL, Eppendorf, Germany) and quickly frozen
in a freezer (-22 °C) for chlorophyll a analysis. To prevent degradation of the light sensitive
chlorophyll, filters were stored light protected at -22°C in a freezer for at least 24 h until
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analysis. All following work steps were performed in the dark. Chlorophyll a extraction
occurred after lyophilisation of filters (ca. 12 h at ca. -150 °C, alpha 1-2, Christ, Germany).
Then filters were shredded with a scissor and homogenised in 25 mL of Ethanol (90 %,
buffered with 1 g L−1MgCO3, Merck) in an ultra dispenser (T18 basic, ULTRA-TURRAX,
IKA, Germany) at 14.000 rpm for 2 minutes. After 24 h of extraction in brown glass bottles,
suspensions were filtered through a glass frit (pore size 1.6 µm) using under pressure (ca.
-0.8 bar). Chlorophyll a concentration of the filtered samples (25 ml) was determined by
quantification of fluorescence at 667 nm after excitation at 434 nm with a fluorescence
spectroscope (LS 50B, Perkin-Elmer, USA). A correction against degraded chlorophyll a
(pheophytin) was made by a second quantification 5 minutes after acidification of filtered
samples (25 mL) with one drop of HCl (2 M, Merck). Chlorophyll a content of aufwuchs on
the tiles was calculated after equation 2.2 modified according to Wetzel and Likens (2001).
Chla =
F · (Rb − Ra) · τ
τ − 1 ·
Vextract · Vtotal
V f ilter · A (2.2)
Chla - chlorophyll a [µg cm−2]; F - slope of calibration function; Rb - sample fluorescence; Ra - sample
fluorescence after acidification; Vextract - extraction volume [mL]; V f ilter - sample volume filtered [mL]; Vtotal -
total water volume for scraping aufwuchs from tile [mL]; τ - quotient of standard fluorescence before and after
acidification.
2.3.3. Analysis of grazers
The mortality of grazers was analysed as lethal endpoint in all experiments. Furthermore,
grazer dry weight and triglyceride content as well as the overnight drift (only in AIS experi-
ments) were determined as sublethal endpoints. If possible also the emergence in spring was
recorded.
To determine grazers dry weight and triglyceride content, sampled animals were
transferred to vials (1.5 mL, Eppendorf) and quickly frozen in liquid nitrogen or in an ultra
low freezer (-80 °C, MDF382, SANYO, Japan). Only living specimen were used for the
respective analysis to prevent bias by dead animals. Grazer dry weight was determined after
lyophilisation (24 h, ca. -150 °C, alpha 1-2, Christ) with an ultra sensitive balance (M3P,
Sartorius, Germany).
Grazer triglyceride content was determined with an enzymatic essay (Sigma Aldrich,
USA). The used method based on Winkelmann and Koop (2007) with modifications. Trigly-
cerides from lyophilisated and weighed larvae of R. semicolorata were extracted according
to Winkelmann and Koop (2007), but with a reduced extraction volume of 0.5 mL HIP
(hexanol:isopropanol mixture, 3:2, v:v). Subsamples of the extract (10, 25 or 75 µL) were
transferred into 96 well microplates (96/F-PP, Eppendorf; 3-4 replicates per sample) and
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microplates were placed in a laboratory hood for 12 hours for evaporation of the extrac-
tion solvent. Then 200 µL of work reagent (triglyceride reagent [T2449] + free glycerol
reagent [F6428], 1:4, v:v, both Sigma Aldrich) were added to respective wells. Microplates
were incubated at 30 °C and measured after 120 minutes with a plate reader (2010, Anthos
Mikrosysteme, Germany) at 540 nm. A glycerol standard (G7793, Sigma Aldrich) was
additionally analysed on each plate after 10 minutes, due to faster reaction of the enzymatic
assay with the standard. This standard was also used for the calibration of the method
(0.0028–0.14 µMol Well-1 triglyceride equivalents). Triglyceride content were calculated









TG - triglyceride equivalents [µMol g−1 DW]; Esample - absorption of sample; Eblank - absorption of blank; m -
slope of calibration curve; Vwell - sample volume per well [µL]; Vextract - total extract volume [µL]; DWsample -
dry weight of analysed grazer [g].
As further sublethal endpoint in the AIS experiments the overnight drift of grazers
was monitored. The over night drift was chosen instead of the total drift, because the main
drift activity of macroinvertebrates in streams is during the night (Brittain and Eikeland,
1988; Bohle, 1978; Hildebrand, 1974). Moreover, sampling and/or cleaning activity’s during
the day within the streams could disturb grazers and, hence, increase the total drift count.
For the determination of the overnight drift, grazers, which were caught in the protective
gratings (drift nets) of the streams, were counted every morning at ca. 9 a.m. and were
then repositioned on the tiles of the AIS. Grazers, who drifted during the day, were also
repositioned, but not included to overnight drift count. Injured grazers that lost ability to hold
on the surface of the AIS were immediately sampled before the scheduled sampling date,
because dead grazers quickly lyses and cannot be used for further analysis. The anticipated
sampling of these grazers was considered at the scheduled sampling date and the total number
of sampled grazers was kept, to hold grazer density constant during the experiment.
Mortality of grazers was determined at the end of the respective experiment according

















nsurvive - number of surviving grazers; ntotal - total number of grazers.
2.4. General statistics
Inductive as well as descriptive statistic was performed with the software ’R’ (ver. 2.11
or higher; R Development Core Team, 2011). Calculations of concentration-response-
curves were performed with the software ToxRat-Standard (version 2.10, ToxRat Solutions
GmbH, Alsdorf, Germany) using Probit, Logit or Weibull models, due to the enhanced
analytical methods of the software for the calculation of concentration-responses. In the
AIS experiments the use of formal statistical testing was mostly limited, due to lack of true
replication of the artificial streams (Brust et al., 2001). Hence, effect concentrations (No
Observed Effect Concentration and Lowest Observed Effect Concentration) were deduced
without statistical support. However, the replicated batch experiments were performed to
compensate this lack of statistics in the AIS experiments and give statistical support for the
AIS results.
The growth of the aufwuchs was evaluated using the area under curve (AUC) (Purves,
1992) for the development of POC and chlorophyll a. Furthermore, also linear regression
was used for aufwuchs and grazers, to calculate net growth rates of the respective organisms
in the different AIS treatments. Details of the statistic used in the different experiments can
be found in the respective chapters.
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The first experiment examined the effects of a single herbicide exposure on the grazer-
aufwuchs-interaction, simulating autumn conditions in agriculturally used catchments. In
autumn these catchments are predominantly exposed to pre-emergence herbicides, as shown
by regular monitoring programs (e.g. FIS-Elbe1). These herbicides are used to reduce or
disable unintended growth of weeds on fields before the emergence of the seed.
Effects of herbicides on the aquatic environment have been previously investigated
in several micro- and mesocosm studies. Reported direct effects involve growth inhibition
or increased mortality of the primary producer (acute toxicity) as well as changes of the
community structure (chronic toxicity) (Rohr and Crumrine, 2005; Brust et al., 2001; Jüttner
et al., 1995; Hatakeyama et al., 1994; Gurney and Robinson, 1989; Goldsborough and
Robinson, 1983; Murphy et al., 1981). Furthermore, indirect effects on higher trophic levels
such as bottom up trophic cascades have been reported (Rohr and Crumrine, 2005; Brust et al.,
2001; Jüttner et al., 1995). However, these studies were mainly performed in lentic systems
(pond mesocosms), whereas herbicides are periodically detected by exposure monitoring of
rivers and streams i.e. in the lotic environment. Concentrations of certain herbicides exceed
thereby even the environmental quality standard (EQS) ascertained by the European Union
(Directive 2008/105/EC). Hence, negative impacts on the aquatic environment are expected.
In the present experiment the effects of the model herbicide Terbutryn on the grazer-
aufwuchs-interaction in artificial indoor streams (AIS) were investigated. For Terbutryn a
EQS of 0.03 µg L−1 is recommended (Nendza, 2003), however, measured environmental
concentrations (MEC) exceed this value by almost 200 fold (Quednow and Püttmann, 2007),
which underlines the relevance of this model herbicide for the environment. Effects of
Terbutryn on the grazer-aufwuchs-interaction have been investigated in former microcosm
1Information system of FGG Elbe
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experiments (Rybicki et al., 2012). The results of this experiment already showed a clear
direct effect of Terbutryn on aufwuchs development and revealed fundamental information
on effect concentrations for the following mesocosm study in AIS.
The aim of this experiment was to determine effect concentrations for the direct effect
of Terbutryn on aufwuchs and the indirect effect on grazers in a more complex lotic system.
As the focus of this experiment was the indirect effect induced by Terbutryn the hypothesis
were:
H0: Low Terbutryn exposure concentrations will not induce a trophic cascade and
benthic grazers will not be indirectly affected
H1: Even low exposure concentrations of Terbutryn will induce a trophic cascade, which
indirectly affects Rhithrogena semicolorata
3.2. Methods
To investigate the effects of herbicide exposure on the aufwuchs-grazer-interaction, a meso-
cosm study in five artificial indoor streams (for details see section 2.2.2, p. 13) was performed
using the herbicide Terbutryn as a model substance.
3.2.1. The herbicide Terbutryn
As in former experiments (Rybicki et al., 2012, Brust et al., 2001) Terbutryn was used
as a model herbicide in this experiment. Terbutryn [2-(tert-butylamino)-4-(ethylamino)-6-
(methylthio)-1,3,5-Triazin; CAS: 886-50-0] (Dr. Ehrenstorfer GmbH, Germany, 98 % purity)
is a synthetic herbicide of the group of symmetric triazines (Figure 3.1). It inhibits the
photosystem II by binding on the plastoquinone binding domain in the thylacoid membrane
and thus prevents the electron transport from the photosystem to plastoquinone (Trebst et al.,
1991). Terbutryn has a log KOW of 3.5 and is stable against hydrolysis at a pH range of 5 to 9.
The water solubility is 25 mg L−1 (20 °C). Terbutryn was used as a herbicide against floating
aquatic plants (Murphy et al., 1981; Muir et al., 1981) and for weed protection in agriculture
(Quednow and Püttmann, 2007). It has been found at concentrations up to 5.6 µg L−1 in
German surface waters (Quednow and Püttmann, 2007; Brust et al., 2001; ARGE Elbe, 1997).
According to the European Council Directive 91/414/EEC and the European Commission
Regulation 2076/2002 Terbutryn lost approval as agriculturally used herbicide in Germany in




Figure 3.1.: Chemical structure of Terbutryn according to Jungmann et al. (2001a).
Previous experiments revealed effects of Terbutryn on aufwuchs in a range of 0.6
to 6 µg L−1 (Rybicki et al., 2012; Brust et al., 2001). In this study nominal Terbutryn
concentrations of 0.006, 0.06, 0.6 and 6 µg L−1 were tested.
3.2.2. Introduced organisms
Aufwuchs and Rhithrogena semicolorata larvae used in this experiment were sampled at the
Gauernitzbach near Dresden in November and December 2009. Preparation and cultivation
of aufwuchs as well as grazer sampling are described in detail in section 2.1.1.1 (p. 9) and
section 2.1.2.1 (p. 11).
3.2.3. General design and schedule of the experiment
The experiment consists of two phases, a preapplication period (t-22 - t-1) and an exposure
period (t0 - t69, Figure 3.2).
Preparation of artificial indoor streams
The AIS were filled with 500 L of modified Borgmann media (section 2.2.3) at least 24 h
before the start of the preapplication period. To ensure the evaporation of chlorine residues
from tap water used to make up the media, circulation was started immediately after filling.
Water temperature and flow velocity were set to 6 °C and 0.15 m s−1, respectively. To provide
nutrients for the growth of aufwuchs during the preapplication period, nitrate and silicate
were added once and phosphate twice in respective concentrations as depicted in Table 3.1.
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Figure 3.2.: Schedule of the Terbutryn experiment in artificial indoor streams. t-22 – t-1 preapplication period,
t0 – 69 exposure period. Small lines indicate sampling dates of (a)ufwuchs and (g)razers within the respective
period.
Table 3.1.: Additional nutrients for the modified Borgmann media in the artificial indoor streams and time of
their application.
Nutrient Substance Concentration Time of application
Nitrate-N NaNO3 (Merck, 99.5 %) 2 mg L
−1 t-23
Silicate-Si Na2SiO3x5 H2O (Fluka, 97 %) 5 mg L
−1 t-23
Phosphate-P Na2HPO4 (Merck, 99 %) 0.01 mg L




At the beginning of the preapplication period (t-22, 18.11.2009) 120 aufwuchs covered tiles
were randomly chosen (details of culturing see section 2.1.1) and carefully placed into the
prepared streams, while the water flow was interrupted. Afterwards the water flow was slowly
increased to a speed of 0.15 m s−1 within 15 minutes. During the next 3 weeks the aufwuchs
established a stable biomass on the tiles. Aufwuchs biomass was monitored weekly, whereas
the physical and chemical characteristics within the streams were measured twice a week.
At t-1 grazers (larvae of Rhithrogena semicolorata) were added to the AIS in an abundance
of one grazer per tile, according to 446 grazers per m2. Only healthy and vital animals were
randomly chosen and transferred to the AIS, while the water flow was reduced to half speed.
Two grazers died within the next 48 hours and were replaced by healthy ones.
Exposure period
The exposure period started at t0 with the application of Terbutryn to the streams. Terbutryn
was applied once, dissolved in 25 mL undenaturated ethanol (purity 100 %, BDH Prolabo
- VWR International, Germany) in the respective concentrations. The control stream was
treated with 25 mL of undenaturated ethanol only. Samples of aufwuchs and grazers were
taken on t6, 13, 27, 41, 55 & 69. Physical and chemical characteristics were determined at least
weekly.
3.2.4. Water analysis
3.2.4.1. Analysis of Terbutryn
Terbutryn was analysed in the water phase at t0 (1 hour after application) as well as on t28 and
t68. For this purpose 1 L of stream water was sampled from each stream and filtered through
a glass fibre filter (glass microfibre 696, VWR International). Terbutryn was extracted
from the resulting water via solid phase extraction (SPE). SPE-cartridges (LiChrolut EN,
Merck) were activated with 5 mL ethyl acetate (SupraSolv, > 99.8 %, Merck), washed with
5 mL methanol (LiChrosolv, > 99.9 %, Merck) and conditioned with 5 mL deionized water
(18.2 MΩ, Millipore, USA). Samples were applied to the SPE-cartridges at slight vacuum
conditions from 1 L glass bottles with polytetrafluoroethylene connecting tubes (rate of ca
5–10 mL min−1). Afterwards, bottles were rinsed with ca 10 ml of deionized water, which
was also applied to the SPE-cartridges. SPE-cartridges were dried in a nitrogen stream (N2
5.0, AIR LIQUIDE, Germany) and stored in a freezer (-22 °C) until elution. The elution of
SPE-cartridges was carried out with 8 mL of ethyl acetate, which was reduced to a volume of
ca 0.5 mL in a nitrogen stream (N2 5.0) and transferred to silanized vessels (1.5 mL, Agilent,
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USA) in which the solvent was completely evaporated. Afterwards, vessels were stored in
the refrigerator at 4 °C until analysis.
The analysis of Terbutryn was performed by Dr. Monika Möder at the Helmholtz
Centre for Environmental Research–UFZ (Divison for Environmental Health, Department
Analytical Chemistry) in Leipzig. Terbutryn was quantified using gas chromatography and
MS detection (GC 7890A & MS 5975C, Agilent) with an Agilent HP5-MS capillary column
(30 m length; 0.25 mm inner diameter and 0.25 µm film thickness). Helium was used as
the carrier gas (5.0, AIR LIQUIDE) with a flow rate of 1 mL min−1. The injector operated
in splitless mode at 280 C° (isothermal) with a split off time of 1 min and 1 µl of each
purified and concentrated extract (200 µL reconstitution volume with solvent ethyl acetate)
was injected. The GC oven temperature started at 70 °C for 2 min and then increased in
20 °C min-1-steps to 280 °C, which was held for 4 min resulting in a total run time of
27 min. Terbutryn had a retention time of 19.57 min. After electron impact ionization with
70 eV (ion source temperature 230 °C, quadruple temperature 150 °C) the quantification
was performed via ion 226 m/z and the qualification via ion 185 & 241 m/z. The limit of
detection (35 pgµL−1) and the limit of quantification (150 pgµL−1) of the instrument were
calculated according to DIN 32645 (1994).
3.2.4.2. Analysis of physical and chemical characteristics of the water
Physicochemical characteristics of the media as well as the concentration of nutrients were
determined once a week (details see section 2.3.1, p. 15).
3.2.5. Analysis of aufwuchs biomass
Aufwuchs biomass was quantified through the analysis of the particulate organic carbon
(POC) and chlorophyll a content of aufwuchs (details see section 2.3.2, p. 16) at the
respective sampling dates (details see section 3.2.3). At t-22 120 tiles were introduced into the
two stretches per AIS. The 60 tiles per stretch were divided into three parts (top, middle and
bottom), each of the same length and number of tiles. To determine aufwuchs development
at each sampling date, one tile per part of a stretch was randomly selected. Hence, 3 tiles per
stretch and 6 tiles per AIS were removed.
3.2.6. Analysis of grazers
In coincidence grazers were sampled with the aufwuchs sampling, hence, at each sampling
date 6 randomly chosen grazers were removed per AIS. Monitored endpoints were the over
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night drift and the growth of grazers. On the last sampling date (t69) the larval triglyceride
content was determined. Mortality of grazers was calculated at the end of the experiment.
Grazer analysis are described in detail in section 2.3.3 (p. 17).
3.2.7. Statistics
Formal statistics could not be applied in this experiment, due to the lack of true replication
(for details see section 2.4, p. 19), hence, only descriptive statistics were permitted. For the
statistical support of the results the replicated microcosm experiment of Rybicki et al. (2012)
was used.
3.3. Results
3.3.1. Analysis of Terbutryn
From the Terbutryn standards a recovery rate for the sampling and extraction method of
87.2±7.1 % (n = 3) was calculated. Considering this the analysed water concentrations
at t0 achieved in average 91.2±13.7 % of the intended nominal concentration (Table 3.2).
Treatment 0.006 had to be excluded, because all analysed Terbutryn concentrations of this
treatment were below the limit of quantification and detection. The calculated DT50’s
increased with the Terbutryn concentrations and ranged from 63 to 168 days. The control
stream was analysed for Terbutryn at the end of the experiment, but only traces of Terbutryn
below the limit of detection were found.
3.3.2. Water characteristics and light intensity
Briefly, the physicochemical water characteristics investigated during this experiment showed
a similar trend in all treatments and no effect of the test substance on the water chemistry
was found (Table 3.3).
Median water temperatures were between 5.8 and 6.0 °C. The highest temperatures
(data not shown) were found at the start of the experiment (t-22) when the tiles were placed
into the AIS with values between 11.6 and 12.0 °C. Then the cooling of the water was
initiated and the temperature reached 6 °C within 2 hours. If these data were excluded, the
minimum and maximum temperatures were between 5.6 and 6.2 °C.
Oxygen concentrations were stable during the experiment with median values between
11.1 and 11.3 mg L−1. Minimum and maximum values were between 9.9 and 11.8 mg L−1,
which equates to >90 % saturation.
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Table 3.2.: Analysed Terbutryn concentrations in the water phase at t0, 27 & 68 in the different treatments under
consideration of the recovery rate of 87.2%. The control stream was only analysed for Terbutryn at t68.
DT50’s were calculated using a non-linear regression model with a 1st order dissipation kinetic as reported
by Brust et al. (2001). Effective Terbutryn concentrations were calculated as geometric mean of all 3
sampling days. n.c. – parameter not calculated.
Sampling date Terbutryn treatments [µg L−1]
Control 0.006 0.06 0.6 6
t0 – 0.003b 0.058 0.51 5.53
t27 – 0.004b 0.040 0.39 4.54
t68 0.002b 0.003b 0.028a 0.28 4.19
DT50 [d] n.c. n.c. 63 77 168
(r2 = 0.98) (r2 = 0.99) (r2 = 0.88)
Effective concen-
tration [µg L−1]
n.c. n.c. 0.040 0.38 4.72
The pH values were stable during the experiment in a neutral to slightly basic range
with median values of 8.0 in all AIS. The minimum and maximum values were between 7.9
and 8.5.
Conductivity slightly increased in all treatments during the experiments. Median
conductivities were between 431 and 440 µS cm−1, and the minimum and maximum values
were between 427 and 457 µS cm−1.
Apart from the physical characteristics the concentrations of ammonium, nitrate, nitrite
and phosphate was determined throughout the experiment. The ammonium-N concentration
decreased during the pre-application period and the first half of the exposure period, but
slightly increased during the last weeks of the exposure period. The median ammonium
concentration was between 4.4 and 7.3 µg L−1 with minimum and maximum values between
1.4 and 42.4 µg L−1. The median ammonia concentration calculated according to Hamm
(1991) using the water temperature, the pH and the ammonium concentrations were between
0.05 and 0.08 µg L−1. Calculated minimum values were all below 0.01 µg L−1; maximum
ammonia values were between 0.66 and 1.80 µg L−1.
The nitrate-N concentration decreased in all treatments during the experiment from
3.8 mg L−1 to 3.4 mg L−1 with median concentrations of 3.5 to 3.6 mg L−1. Nitrite-N was
only detected in treatment 0.6 with a maximum of 0.12 mg L−1.
aBelow calculated Limit of Quantification (LOQ = 30 ng L−1)














































































































































































































































































































































































































































































































































3. Eﬀects of a single herbicide exposure
The concentration of soluble reactive phosphorus (SRP) decreased quickly after the
addition and was below the limit of quantiﬁcation during the exposure period. Median SRP
concentrations were between 2.0 and 2.2 μg L−1. The minimum and maximum values were
between 1.2 and 13.4 μg L−1.
Additional to the water characteristics, the natural illumination of the AIS was quanti-
ﬁed with a radiometer. The mean daily light intensity was 271±10 mEm−2 d−1 during the
pre-application period and 311±17 mEm−2 d−1 during the exposure period (Figure 3.3). Due
to malfunctions of the radiometer the light intensity data set contains some gaps. A linear
regression model of day length against determined light intensity was used to make a broad
prediction of the mean daily light intensity in the greenhouse. The results of the regression
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Figure 3.3.: Mean daily light intensity in the greenhouse during the experiment [mEm−2 d−1]. Each bar
represents the cumulative light intensity of the measurement, which lasted several days, divided by the
respective duration of the measurement. grey - pre-application period; black - exposure period; dotted line




3.3.3. Development of aufwuchs biomass
Particulate organic carbon
The development of the aufwuchs biomass as particulate organic carbon (POC) is shown in
Figure 3.4. At the first sampling date (t-22) unequally covered tiles were sampled specifically
to reduce variation of aufwuchs biomass, hence, this data was not used for the data analysis.
Consequently, the data set starts with t-16. Due to reduced light availability in November and
December the aufwuchs biomass increased very slowly during the pre-application period
from 0.05±0.001 mg C cm−2 (t-16) to 0.06±0.002 mg C cm−2 (t-1).
After the addition of grazers at t-1 and the application of Terbutryn at t0 all treat-
ments showed a decrease of aufwuchs biomass until t6. Up to t27 the aufwuchs showed
again an increase of biomass in all treatments, but no concentration response relation-
ship with Terbutryn. Afterwards, the control developed a stable aufwuchs biomass of
0.068±0.010 mg C cm−2 until the end of the experiment. Treatment 0.006 and 0.06 showed a
slightly varying curve progression compared to the control, but developed a similar biomass
of 0.069±0.007 mg C cm−2 and 0.075±0.009 mg C cm−2at t69. Only treatment 0.6 and 6
showed a response to Terbutryn after t27. Although treatment 0.6 reached the same biomass
level at t69 (0.062±0.007 mg C cm−2), it showed a slower growth of biomass after the deple-
tion at t41. Treatment 6 showed the strongest response to Terbutryn, because the aufwuchs
showed no growth after t41 and remained low until the end (0.030±0.004 mg C cm−2).
The Area Under Curve (AUC) for the POC data was calculated as an integrated
measurand of the aufwuchs biomass development (Figure 3.5). The control as well as
treatment the 0.006 showed a similar AUC of 5.0±0.8 and 4.6±0.6, whereas treatment 0.06
showed a slightly higher AUC of 6.0±0.4. The lowest AUCs were found in treatment 0.6
with 3.5±0.3 and 6 with 3.4±0.5.
Chlorophyll a
Due to the slow increase of aufwuchs biomass in the pre-application period the POC remained
low over the whole experiment, thus differences between the treatments became not distinct.
Therefore, chlorophyll a was used as a second aufwuchs biomass indicator, which focuses
on the autotrophic fraction of the aufwuchs community. The development of aufwuchs
chlorophyll a content is shown in Figure 3.6.
During the pre-application period all treatments showed a distinct increase of chloro-
phyll a from 0.13±0.002 µg cm−2 to 0.49±0.02 µg cm−2. During the exposure period the
chlorophyll a developed in tendency similar to the POC in all treatments, with a decrease
of chlorophyll a until t6, a following increase until t13 or t27 and finally a stable biomass
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Figure 3.4.: Development of particulate organic carbon as a measure for the aufwuchs biomass during the
Terbutryn experiment in the diﬀerent treatments [AM±SE]. t-22 – t-1 pre-application period, t0 – 69 exposure
































Figure 3.5.: Area Under Curve for the POC data [AM±SE]. The AUC was calculated separately for the two
stretches of each stream to enable calculation of error bars. Integration started at t-1. All Terbutryn


























Figure 3.6.: Development of the chlorophyll a content as indicator for the biomass of the autotrophic aufwuchs
fraction during the Terbutryn experiment in the diﬀerent treatments [AM±SE]. t-22 – t-1 pre-application

























Figure 3.7.: Area Under Curve for the chlorophyll a data [AM±SE]. The AUC was calculated separately for
the two stretches of each stream to enable calculation of error bars. Integration started at t-1. All Terbutryn
treatments in μg L−1.
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development at the end of the exposure period. A clear concentration response to Ter-
butryn was thereby only visible in treatment 6. At the end of the experiment (t69) the
chlorophyll a content was 0.48±0.07 µg cm−2 in the control and 0.59±0.09 µg cm−2and
0.59±0.08 µg cm−2 in treatment 0.006 and 0.06, respectively. In contrast to the POC data,
treatment 0.6 showed a similar development compared to the control and finally achieved a
chlorophyll a content of 0.49±0.06 µg cm−2. Treatment 6 showed, in accordance with the
POC data, a very low chlorophyll a content during the entire exposure period and finally
reached 0.27±0.04 µg cm−2.
The calculated AUCs showed a concentration response relationship to Terbutryn, but
only treatment 6 showed a strongly decreased AUC compared to the control (Figure 3.7).
The control developed an AUC of 32.6±5.8, treatments 0.006, 0.06 and 0.6 showed AUCs
of 46.5±14.1, 43.0±3.6 and 28.9±2.4, respectively. The lowest AUC was found again in
treatment 6 with 15.8±1.6.
Summary aufwuchs indicator
In conclusion both biomass indicators showed a similar aufwuchs development during the
pre-application and exposure period. Furthermore, both indicators showed a clear effect of
Terbutryn in treatment 6. An effect of Terbutryn in treatment 0.6 was only apparent in the
POC data. Treatments 0.006 and 0.06 showed a similar development as the control in both
indicators.
3.3.4. Development of grazers
Mortality
In all treatments the mortality of grazers was below 10 %, but showed a slight concentration
response with the Terbutryn concentration (Figure 3.8). Mortality was lowest in the control
and treatment 0.006 with 1.1 % and increased to 3.3 % in treatment 0.06 and 6.7 % in
treatments 0.6 and 6.
Dry weight
Grazer dry weight, as an indicator of the growth of grazers, increased in all treatments
during the experiment (Figure 3.9). At the first sampling date (t6) grazer dry weights were
0.5±0.07 mg in the control as well as 0.94±0.19 mg, 0.37±0.04 mg, 0.80±0.20 mg and
0.32±0.14 mg in treatments 0.006, 0.06, 0.6 and 6, respectively. At the end of the experi-
ment the dry weight increased similarly to 1.25±0.06 mg in the control and 1.29±0.07 mg,


















































Figure 3.9.: Development of grazer dry weight during the exposure period in the diﬀerent treatments [AM±SE].
Terbutryn treatments in μg L−1.
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eﬀect of Terbutryn was detectable in treatment 6, in which grazer dry weights increased only
to 0.98±0.06 mg.
Growth rates in each treatment were calculated using a linear model and revealed a
growth of about 8.0±1.3 μg d−1 in the control and about 8.4±1.3 μg d−1, 8.0±1.4 μg d−1 and
9.3±1.4 μg d−1 in treatment 0.006, 0.06 and 0.6, respectively. For treatment 6 a lower growth
rate of 3.7±1.3 μg d−1 was calculated.
Triglyceride content
The physiological condition of grazers was determined using the triglyceride content as
a marker (Figure 3.10). Triglycerides showed a clear concentration response relationship
with Terbutryn. Grazers in the control developed the highest triglyceride content with
295±111 μMol g−1 DW. All Terbutryn treatments developed considerably lower trigly-
ceride contents of 170±43 μMol g−1 DW, 162±60 μMol g−1 DW, 149±70 μMol g−1 DW and



































Figure 3.10.: Triglyceride content of grazers at the end of the Terbutryn experiment (t69) [AM±SE]. Terbutryn




As a further sublethal endpoint the drift activity of grazers overnight was monitored. Figure
3.11 shows the cumulated activity during the exposure period. The overall drift activity was
low, but the results show an increased drift activity in all treatments during the ﬁrst week
after the addition of grazers, which may be interpreted as a phase of acclimatisation. Drift
activity was low afterwards but increased again during the last few weeks of the experiment.
Due to the diﬀerent drift activities during the ﬁrst week, a clear concentration response to
Terbutryn exposure was not obvious in this Figure. Figure 3.12 excludes the drift of the ﬁrst
week and start with the cumulation at t6, when the drift activity was low in all treatments.
The resulting graph revealed a clear concentration response of the larval drift to Terbutryn in
treatment 0.6 and 6, because the drift at the end of the experiment was stronger and started


























Figure 3.11.: Cumulative over night drift of grazers during the exposure period. Cumulation started at t0.
Terbutryn treatments in μg L−1.
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Figure 3.12.: Cumulative over night drift of grazers during the exposure period. Cumulation started at t6.
Terbutryn treatments in μg L−1.
3.4. Discussion
Recently, it has been well known that pesticides are able to aﬀect non target organism in
the aquatic environment through their direct toxicity. An increasing number of studies
additionally identiﬁed the potential of pesticides to aﬀect non target organism via indirect
eﬀects e.g. via trophic cascades (Relyea and Hoverman, 2006; Rohr and Crumrine, 2005;
Fleeger et al., 2003; Brust et al., 2001). Considering the close relationships among organisms
within ecosystems, this is not surprising. The aim of this part of the study was to examine the
eﬀects of Terbutryn on benthic aufwuchs and the resulting indirect eﬀect on the consuming
benthic grazer Rhithrogena semicolorata.
Brieﬂy, the results of this experiment clearly showed that Terbutryn inhibited the
growth of aufwuchs slightly at 0.38 μg L−1 (0.6 μg L−1 nominal) and heavily at 4.72 μg L−1
(6 μg L−1 nominal). Furthermore, indirect eﬀects of Terbutryn on the consuming grazer
R. semicolorata were found. The most sensitive endpoint was thereby the overnight drift
activity, which increased already at 0.38 μg L−1 (0.6 μg L−1 nominal) during the last weeks
of the experiment. In addition, reduced growth and triglyceride contents of grazers were
observed at 4.72 μg L−1 (6 μg L−1 nominal), which can be attributed to reduced aufwuchs
biomass and the resulting starvation of grazers.
These results support the hypothesis of the induction of trophic cascades and indirect
eﬀects of herbicides in the aquatic environment. Furthermore, this experiment revealed a risk
38
3.4. Discussion
of Terbutryn for the aquatic environment, due to the overlap of Terbutryn effect concentrations
of aufwuchs and grazers with measured environmental concentrations. Finally, possible
effects of Terbutryn on the function of benthic grazing on the ecosystem scale are discussed.
3.4.1. Characterisation of Terbutryn exposure
The chemical analysis of Terbutryn revealed that the nominal concentrations were reached
well one hour after application in treatment 0.06, 0.6 and 6. In treatment 0.006 the Terbutryn
concentration was already below the calculated limit of detection at the start of the experi-
ment. Hence, the determined Terbutryn concentrations of this treatment were not reliable.
Nevertheless, Terbutryn was found in this treatment and it can be assumed that the real
Terbutryn concentration was in the range of the intended nominal concentration, because of
the good conformity of nominal and analysed Terbutryn concentrations in the other three
treatments. The control was not treated with Terbutryn and therefore only analysed at the
end of the experiment, which revealed just very low traces of Terbutryn, possibly due to
residues on sampling equipment.
During the exposure period Terbutryn dissipated slowly but continuously from all
treated AIS. The calculated dissipation times of Terbutryn increased thereby with increasing
Terbutryn concentration and were much longer compared to previous studies, which reported
DT50’s of 18 to 28 days for dissipation out of the water phase (Rybicki et al., 2012; Brust
et al., 2001; Muir et al., 1981). A possible explanation for this decelerated dissipation
is a slower biodegradation of Terbutryn, due to the low aufwuchs biomass. Brust et al.
(2001), who worked with the same AIS, filled the whole flow path of the AIS with sand
and cobbles and provided therefore a much greater surface for aufwuchs growth, whereas in
the recent experiment only a defined area of 0.25 m2 (at t-22) was provided in form of tiles.
This area was only colonized by a very thin layer of aufwuchs during the pre-application
period and a Terbutryn and grazer dependent aufwuchs biomass during the exposure period,
as discussed later (section 3.4.3). Hence, the ratio of overall aufwuchs biomass, which
performed the biodegradation of Terbutryn, to total Terbutryn amount in the water, was
much lower in this experiment compared to the other Terbutryn studies. Consequently, the
performance of biodegradation was reduced and the dissipation time prolonged. Terbutryn
itself seemed to enhance this effect through the inhibition of the aufwuchs growth, which
was obvious in treatment 6 showing the longest dissipation of Terbutryn. However, because
degradation products of Terbutryn were not analysed in this experiment, other factors might
additionally influence the dissipation of Terbutryn. For the deduction of effect levels the
effective Terbutryn concentrations as estimators for the mean Terbutryn concentration during
the experiment will be used.
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3.4.2. Characterisation of physicochemical water characteristics
Different physicochemical characteristics were monitored during the experiment and will be
briefly discussed below. In general, all AIS showed similar developments of the determined
characteristics. Strong deviations between the treatments were not found.
Due to technical reasons, the water temperature was set to 6 °C in this experiment.
The results show that this temperature was reached well during the experiment. However,
the water temperature was higher compared to natural water temperatures of streams during
the winter months in the temperate zone, which can decrease to 0 °C. In the case of the
Gauernitzbach, where grazers and aufwuchs were sampled, Winkelmann and Koop (2007)
reported a temperature range of 0 to 17 °C during the year. In winter 2009/2010 the water
temperatures during the sampling of organisms were between 0.8 °C (March) and 6.5 °C
(November), which includes the adjusted water temperature of 6 °C used in this experiment.
Therefore, no negative effects on the organisms were expected. Furthermore, the cooling
system provided a similar water temperature in all AIS during the experiment with only minor
differences between the streams. This is very important, because the metabolism especially
of poikilothermic organisms depends strongly on the water temperature (Allan and Castillo,
2007). Even differences of only a few degrees can influence metabolic rates of organisms
(Hedenmaier and Neuweiler, 2004) and may lead to differences in the development between
treatments. However, as no strong differences in the water temperature occurred between the
AIS, no temperature effects on organism development between the AIS were expected.
The oxygen concentration was stable during the experiment and the oxygen saturation
in all AIS was always higher than 90 %. Especially grazers (Rhithrogena semicolorata),
which preferably lives in the oxygen rich riffle sections of streams (Mauch and Schmedtje,
1996), need a high oxygen concentration and saturation. This result matches well with oxygen
concentrations of former AIS experiments (Licht et al., 2004; Brust et al., 2001). Furthermore,
for the Gauernitzbach Winkelmann and Koop (2007) reported oxygen saturations of 98±12 %
during the year. Oxygen concentrations determined during sampling of organisms in the
Gauernitzbach in winter 2009/2010 were in the range of 10.9 mg L−1 (93 %, November) and
13.6 mg L−1 (103 %, March). As these values match well with the oxygen concentrations
and saturations of this experiment, no negative effects on grazers were expected.
In all AIS the pH-values were stable and in a neutral to slightly basic range at c. pH
8.0 during the experiment. Slightly higher values occurred only at the beginning of the
experiment during the first weeks of this experiment. The determined values were slightly
lower compared to former AIS experiments (Licht et al., 2004; Brust et al., 2001), but
match well with pH-values reported from the Gauernitzbach by Winkelmann and Koop
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(2007) (8.4±0.2) and with values determined during the sampling of organisms during winter
2009/2010 (ca 7.9). Hence, no negative effects on grazers or aufwuchs were expected.
The conductivity was in all AIS in the same range of c. 435 µS cm−1 and differed only
slightly. Values were only half as high as the conductivity reported from the Gauernitzbach
(888.5±70 µS cm−1, Winkelmann and Koop, 2007). Similar conductivities of c. 430 µS cm−1
were reached in former microcosm experiments (Rybicki et al., 2012). Furthermore, Licht
et al. (2004) reported conductivities of only c. 260 µS cm−1 in their AIS experiments with
R. semicolorata. Negative effects on the study organisms, due to osmotic effects caused by
too high or too low conductivity, were not expected.
For the growth of aufwuchs, especially the nutrient concentrations were of major
importance. Ammonium is an important nutrient for plants, but develops a pH dependent
equilibrium with ammonia, which can be toxic to organisms. The median ammonium
concentration was around 5 µg L−1 during the experiment. This is much lower than the
values from previous experiments with R. semicolorata of 15-59 µg L−1 (Rybicki et al.,
2012). The resulting toxic ammonia concentration never reached 3 µg L−1 during this
experiment. Because Licht et al. (2004) reported ammonia concentrations up to 110 µg L−1
in experiments with R. semicolorata without observing any negative impacts, negative effects
were not expected in this experiment.
Beside ammonium also the concentrations of nitrate and soluble reactive phosphorus
(SRP) were of interest. The nitrate concentration decreased only slightly from 3.8 to
3.4 mg L−1 during the experiment. Hence, a lack of nitrate for the growth of aufwuchs
was not expected. Also toxic effects of nitrate on the study organisms were not expected,
because nitrate concentrations reported by Winkelmann et al. (2003) for the Gauernitzbach
(ca 8 mg L−1) were much higher. Furthermore, the determined nitrate concentrations were
also in the range of former AIS experiments (Licht et al., 2004; Brust et al., 2001), were no
negative effects on the organism were observed.
The SRP concentration decreased in all AIS during pre-application period and re-
mained low near the limit of detection at c. 2 µg L−1 during the exposure period. This is a
typical pattern of the SRP concentration, due to the rapid uptake of phosphorus by aufwuchs
organisms, and has been observed in previous micro/mesocosm studies (Rybicki et al., 2012;
Licht et al., 2004; Brust et al., 2001). Therefore, phosphorus seems to be the limiting factor
for the growth of aufwuchs. However, as the SRP concentration remained high during the
pre-application period, a negative effect on the growth of aufwuchs during this phase was
not expected. A growth limitation during exposure period seems rather possible, but ongoing
growth of aufwuchs, also with low SRP concentrations during the last weeks of the exposure
period, indicate the possibility of a short phosphorus cycle (Schwoerbel and Brendelber-
ger, 2005). This short cycle due to grazing may prevent therefore at least total phosphorus
limitation during this period.
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3.4.3. Effects on aufwuchs
The Aufwuchs as primary producer was the main target of Terbutryn in this experiment.
Compared to previous experiments the aufwuchs biomass remained low even without the
influence of Terbutryn. At the end of the pre-application period (t-1) the POC was only
0.06 mg C cm−2 compared to 0.3 mg C cm−2 reported by Rybicki et al. (2012). This was
probably caused by the reduced light availability in autumn (Figure 3.3), which resulted from
the reduced day length and angle of earth surface to sun. Mean daily light intensities during
pre-application period in the greenhouse were between 200 and 400 mE m−2 d−1 compared to
ca 700 to 1000 mE m−2 d−1 in previous experiments with artificial light (Rybicki et al., 2012).
This reduction of > 50 % considerably reduced the photosynthetic activity of aufwuchs
especially at these low light conditions (Boston and Hill, 1991), and therefore caused the
retarded aufwuchs growth in this experiment. Nevertheless, the experiment started, although
with reduced aufwuchs biomasses. Possible consequences of the reduced food amount for
grazers will be discussed in section 3.4.4.
Although, overall aufwuchs biomasses were low, the development of the aufwuchs
in the control in respect to POC and chlorophyll a was in tendency similar to previous
experiments (Rybicki et al., 2012; Brust et al., 2001). Aufwuchs biomass increased during
pre-application period and the first weeks of exposure period and decreased afterwards. A
stable aufwuchs biomass was reached at the end of the experiment, which showed a concen-
tration response to the Terbutryn concentration. Analysis of POC and chlorophyll a during
the exposure period, using the AUC as suggested by Brust et al. (2001), revealed a clear
concentration response relationship to Terbutryn with apparent effects starting at 4.72 µg L−1
(AUCChla, 6 µg L−1 nominal) or 0.38 µg L−1 (AUCPOC, 0.6 µg L−1 nominal). Therefore, the
main processes influencing the aufwuchs development seemed to be the herbicidal effect
of Terbutryn, which has been previously reported (Rybicki et al., 2012; Brust et al., 2001;
Gurney and Robinson, 1989; Goldsborough and Robinson, 1986, 1983). However, as second
factor the grazing activity of the larvae have to be considered. The grazing activity could
be expected to be equal in all AIS, due to the same grazer density, which finally would
lead to a constant reduction of aufwuchs biomass throughout the exposure period. But
Cattaneo and Mousseau (1995) showed that the grazing activity varies depending on food
quantity and quality. Hence, a reduction of each of them may increase the grazing activity.
In consequence, the low aufwuchs biomasses in treatment 6 may increase the grazing rates
of larvae in this experiment, which may additionally increase the observed concentration
response of aufwuchs biomass to Terbutryn. As the grazing activity itself was not determined
in this experiment, a discrimination of both processes is not possible.
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The deduction of an effect level from these data is difficult, because of the uncertainty
within the data caused by missing replication of treatments and by high variation, due to
the overall low aufwuchs biomass during this experiment. Terbutryn clearly affected the
aufwuchs growth at 4.72 µg L−1, as revealed by both POC and chlorophyll a data. This was
also shown in previous experiments (Rybicki et al., 2012, LOEC = 6 µg L−1) and by Golds-
borough and Robinson (1983) (LOEC < 10 µg L−1). However, already at 0.38 µg L−1 the
AUCPOC showed a clear concentration-response. Unfortunately, this was not that distinctly
visible in the AUCChla, but at least during the first 27 days the curve progression of chloro-
phyll a showed a clear concentration response of the aufwuchs development to Terbutryn at
0.38 µg L−1. Furthermore, these values match well with effect concentrations reported by
Brust et al. (2001) (LOEC = 0.43 µg L−1). Therefore, a "Lowest Observed Effect Concen-
tration" for the aufwuchs development (LOECaufwuchs) of 0.38 µg L−1 (0.6 µg L−1 nominal)
was estimated. The corresponding "No Observed Effect Concentration" (NOECaufwuchs) was
estimated at 0.04 µg L−1 (0.06 µg L−1 nominal).
A higher concentration range of Terbutryn for this experiment should have resulted in
clearer concentration response relationships as shown by Brust et al. (2001). However, these
lower concentrations were of particular interest in this experiment in respect to the combined
exposure experiment carried out later (chapter 5), which concentration range was open at the
beginning of the present experiment. Hence, beside the effects on aufwuchs, the aim was to
reveal indirect effects on the grazer R. semicolorata at lowest possible concentrations.
3.4.4. Effects on grazer
Apart from the direct effects of Terbutryn on aufwuchs, the indirect effects of Terbutryn on
grazers were in the focus of this experiment. Therefore, at first possible direct toxic effects
of Terbutryn had to be excluded.
A literature survey revealed no data about the direct toxicity of Terbutryn to mayfly lar-
vae, but effect concentrations for acute toxicity of Daphnia magna (LC50 (48 h) = 7.1 mg L−1,
Marchini et al., 1988) and Lumbriculus variegatus (LC50 (48 h) = 23.7 mg L−1, Brust et al.,
2001) were found. As the lower effect concentration of both for D. magna was about 1,183
fold higher compared to the highest applied Terbutryn concentration in the present experi-
ment (6 µg L−1), no acute toxic effects of Terbutryn were expected. Furthermore, this highest
test concentration was used in previous experiments without any occurrence of increased
mortality (Rybicki et al., 2012). The determined low mortality of < 10 % in all treatments
confirmed this expectation. Nevertheless, more subtle effects of Terbutryn, e.g. on metabol-
ism or behaviour of grazers, cannot be completely excluded. For instance Velisek et al. (2010)
reported sublethal effects of Terbutryn on different histological and biochemical endpoints
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of fish (Cyprinus carpio) starting at 4 µg L−1. Sublethal effects of Terbutryn on invertebrates
have so far not been investigated, but Streit and Peter (1978) found sublethal effects of the
related triazine herbicide Atrazine for different invertebrates at concentrations of only 2 %
of the acute LC50 (96 h), although only in coincidence with increased mortality. 2 % of the
LC50 of D. magna would be about 142 µg L−1, which is still about 24-fold higher than the
highest concentration in the present experiment, which makes an subtle effect of Terbutryn
rather unlikely. Nevertheless, a concentration response of mortality with Terbutryn, although
in a very low range, was found in treatments 0.06, 0.6 and 6. This low increase seemed to
be thereby no subtle direct effect of Terbutryn, but an effect of low aufwuchs biomass. The
direct cause was probably starvation induced drift in the respective treatments, due to the
Terbutryn effects on aufwuchs development.
The over night drift activity increased in this experiment especially in treatments with
low food level during the last weeks of the experiment (treatment 0.6 and 6). Accordingly,
effect levels of an indirect effect of Terbutryn on the over night drift of 0.38 µg L−1 (LOECDrift;
nominal 0.6 µg L−1) and 0.04 µg L−1 (NOECDrift; nominal 0.06 µg L−1) were estimated. From
the literature it is known that the drift activity of benthic organisms depends on several biotic
factors like competitor density or available amount of food (Brittain and Eikeland, 1988;
Bohle, 1978; Hildebrand, 1974). Abiotic factors like flow velocity or substratum (Peeters
et al., 2002; Brittain and Eikeland, 1988), which are known to influence the drift, can be
excluded as they were kept similar in all AIS. Hildebrand (1974) concluded that prolonged
foraging time, due to reduced food levels as in these treatments, leads to an increased
mobility of benthic organisms and thus to higher probabilities of organism dislodgement
from the surface in streams. Increased intraspecific competition in treatments with high
grazer densities and low food levels could also lead to an increased drift activity as a kind
of competition avoidance behaviour (Lamberti et al., 1987). Larvae of the mayfly Baetis
rhodani showed an increased drift after depletion of their food source (Bohle, 1978). Because
drift is a dangerous activity, especially in the AIS due to the increased chance of injury in the
drift nets, it can be assumed that increased drift, induced by the lower food levels, caused
the slightly increased mortality in treatment 0.6 and 6. However, no reduced aufwuchs
biomass and no increased drift at the end of the experiment was observed in treatment 0.06.
Therefore, Terbutryn seemed not to be the cause of mortality in this treatment. However, this
treatment showed the highest drift during the process of acclimatisation, i.e. the first week
of the exposure period. This may explains its slightly increased mortality at the end of the
experiment.
Apart from mortality and drift activity, further concentration responses of sublethal
endpoints with the Terbutryn concentration were found. An important sublethal endpoint
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was the growth of grazers, which was monitored over the complete run of the experiment.
The calculated growth rate of 8 µg d−1 in the control was relatively low compared with
previous experiments were growth rates of about 70 µg d−1 were calculated (Rybicki et al.,
2012). These decreased growth rates can be attributed to low aufwuchs biomass during
this experiment, which may induce a slight starvation in all treatments independent from
Terbutryn. On the other hand, the former experiments with higher growth rates of 70 µg d−1
were carried out without water velocity. In the AIS the additional stress of water velocity
could be energy consuming and hence, result in lower growth rates (Peeters et al., 2002).
Furthermore, as the growth of poikilothermic organisms is temperature dependent (Allan
and Castillo, 2007), the lower temperature in the AIS compared to former experiments could
have additionally reduced the growth rates of grazers.
A comparison between the single treatments revealed a clearly reduced growth rate in
treatment 6 compared to the control, which is an indication of even stronger starvation in
this treatment. This matches well with the results of the aufwuchs biomass, which showed a
strong aufwuchs growth inhibition by Terbutryn in this treatment. Hence, for the endpoint
dry weight a NOECDW of 0.38 µg L−1 (0.6 µg L−1 nominal) and a LOECDW of 4.72 µg L−1
(6 µg L−1 nominal) were estimated from the results.
Finally, the triglyceride contents as measurand of the physiological condition of grazers
were determined for the last sampling day (t69). All Terbutryn treatments developed a lower
triglyceride content compared to the control. However, for a realistic interpretation the big
standard error of the control must be considered. Only treatment 6, which developed one
third of the value of the control, showed a distinct reduction and thus strong indications
of starvation. This matches well with the reduced growth rate of grazers and also with
the reduced aufwuchs biomass in this treatment. Therefore, a NOEC for the triglyceride
content (TG) of 0.38 µg L−1 (0.6 µg L−1 nominal) and a LOECTG of 4.72 µg L−1 (6 µg L−1
nominal) were deduced. A reduction of triglycerides as indirect effect of Terbutryn has
been observed in previous experiments, too. In the Terbutryn experiment of Rybicki et al.
(2012) the triglyceride content was the most sensitive endpoint of grazers with a LOECTG
of 0.21 µg L−1(0.6 µg L−1 nominal). Interestingly, no effect on grazer growth could be
determined in their experiments. In this experiment the triglyceride results match well with
the growth results, although the effect levels were about one magnitude higher. However,
considering the variation within the data of this experiment, which might mask further effects,
this should not be overvalued. At least both experiments, this and Rybicki et al. (2012),
showed a clear reduction of triglycerides and thus a distinct indirect effect of Terbutryn in
terms of starvation at 6 µg L−1 Terbutryn (nominal).
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The null hypothesis of this experiment that low Terbutryn concentrations do not induce
a trophic cascade and hence, grazers are not affected by indirect Terbutryn effects, was
clearly falsified. The results support the alternative hypothesis that Terbutryn inhibited the
growth of aufwuchs at low exposure concentrations and that Terbutryn induced a bottom up
trophic cascade, which affects the grazer indirectly. Terbutryn reduced the aufwuchs growth
at 4.72 µg L−1 and 0.38 µg L−1, as shown by the POC and chlorophyll a results. Indirect
effects of Terbutryn on grazers were found in form of decreased growth rates and triglyceride
contents of grazers at 4.72 µg L−1. The over night drift showed even an effect of Terbutryn
at 0.38 µg L−1.
3.4.5. Ecological consequences
First the relevance of the results for the environment in general must be evaluated. Regular
monitoring programs and several studies already showed that the aquatic environment is
polluted with pesticides (Schaefer et al., 2007; Arndt-Dietrich, 2002; Loague et al., 1998,
etc.). The model herbicide Terbutryn lost approval for the use as a herbicide in agriculture
according to the European Council Directive 91/414/EEC and the European Commission
Regulation (EC) 2076/2002 in July 2003. But it is still used as biocide in antifouling paints
and coatings (Quednow and Püttmann, 2007; Menge, 2005). For German surface waters
concentrations of a few nanogram up to 5.6 µg L−1 were reported (Quednow and Püttmann,
2007, Database: FIS-Elbe at 22 th May 20122), which partially exceeded the published
environmental quality standards (EQS = 0.03 µg L−1) of Terbutryn (Nendza, 2003). For the
results of this experiment the calculation of the Toxicity Exposure Ratio (TER) (SANCO-
3268, 2002), using the the lowest NOEC (NOECAufwuchs & NOECDrift = 0.04 µg L−1) and
the highest measured environmental concentration (MEC) of 5.6 µg L−1 of (Quednow and
Püttmann, 2007), reveals a TER of 0.007. This indicates a certain risk for direct and moreover
indirect effects of Terbutryn to the environment, too. In consequence, direct effects on
aufwuchs as well as indirect effects on grazers are likely to occur in the aquatic environment.
In the following paragraphs possible effects of Terbutryn on the environment will be
addressed. The function of grazing depends strongly on the available biomass of grazers
at the respective time (Anderson et al., 1999; Feminella and Hawkins, 1995; Cattaneo and
Mousseau, 1995; Lamberti et al., 1987; Gregory, 1983) and the resulting grazing pressure on
the aufwuchs. The results of this experiment indicate that Terbutryn may affect the function
of benthic grazing in two different ways, by induction of behavioural changes of grazers e.g.
increased drift, and by disturbance of their development e.g. reduced growth.




The most obvious impact on a grazer population would be an increase of mortality.
Although the mortality of grazers was not directly increased by Terbutryn, an indirect increase
due to starvation induced drift was observed. Whereas drift increased larval mortality during
this experiment only slightly, a higher drift in streams not only increase the chance of injury
as in this experiment, but may increase the vulnerability of grazers to predation by fish or
other invertebrates (Brittain and Eikeland, 1988). Mortality may be additionally increased
by prolonged foraging times of grazers, due to low aufwuchs biomass (Hildebrand, 1974),
and the resulting higher visibility for predators. As shown in the starvation experiments of
Rybicki et al. (2012) severe starvation could finally also increase the mortality. However,
because in stream ecosystems alternative food sources like bacterial biofilms will be available
this seems not very likely and is therefore only a worst case scenario.
A further interesting aspect of drift concerns the spatial distribution of grazers. A
reduced local abundance of grazers, caused by Terbutryn induced drift, may diminish the
effectiveness of the benthic grazing during spring, too. However, the role of drift compens-
ation via upstream movement of organisms, which differs greatly among species and is
in average between 20 and 80 % (Williams and Willimas, 1993; Bergey and Ward, 1989;
Williams and Hynes, 1976), has to be considered. For mayfly larvae average values of
25 % are reported by Bergey and Ward (1989), although no Heptageniidae were found in
their samples, which probably show a higher upstream movement due to their streamlined
body shape. Furthermore, if available, the recolonisation from upstream regions via drift
and downstream movement could be of considerable importance (Bergey and Ward, 1989;
Williams and Hynes, 1976).
Apart from behavioural changes Terbutryn affected the development of grazers in terms
of reduced growth and triglycerides. Consequences of reduced growth, i.e. size reduction of
grazers, for the function of benthic grazing in streams are hard to predict. Given a constant
abundance of grazers, a size reduction coincides with a reduction of grazer biomass, which
directly influences the performance of benthic grazing (Anderson et al., 1999; Feminella
and Hawkins, 1995). Peters (1983) showed that the ingestions rate of animals increase with
their size or biomass. Big grazers have a bigger gut as well as bigger mouth parts and have
therefore a higher incipient limiting level (ILL, cf. McMahon and Rigler, 1965) compared to
smaller grazers. Hence, a higher biomass of aufwuchs can be consumed at the same time.
Thus, if herbicide induced starvation decelerates the growth of grazers during winter, the
biomass of grazers in spring may not be sufficient to compensate for the fast increase of
aufwuchs biomass by increased light availability and higher water temperatures. On the
other hand, experiments of Hervant and Renault (2002) and Calow (1975) showed that the
ingestion rate of consumers can increase over the normal level after a phase of starvation to
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perform a compensatory growth, which could compensate for increased aufwuchs growth
in spring. This is supported by data of Winkelmann and Koop (2007), who showed a quick
increase of R. semicolorata growth rate with increasing food supply in spring. As these
questions cannot be answered yet, it should be referred to chapter 5, in which this topic is
discussed again under consideration of the results of an extended AIS-experiment.
At last the consequences of reduced triglycerides need to be discussed. Triglycerides
are very important energy storages of insects (Canavoso et al., 2001) and account especially in
mayflies for about 75 % of the stored chemical energy (R. semicolorata and Ephemera danica
>84 %, Winkelmann and Koop, 2007; Heptagenia flava 71-75 %, Koop et al., 2008). A
reduction of triglycerides strongly affects the fecundity of mayflies. In starvation experiments
with R. semicolorata Rybicki et al. (2012) showed that a reduction of triglycerides of about
15 % during the last weeks before emergence, can decrease the fecundity (egg numbers) of
females to about 74 % and the general emergence success to about 30 %. This adds up to a
decrease of the population fitness of about 87 %. It should be considered that the losses of
mayflies until emergence are considerably high. This is caused by the general low hatching
success of the eggs and the overall low survival rate of larvae as described by Rosillon
(1986) (Ephemerella major, loss until emergence: 99.4 %) or Horst and Marzolf (1975)
(Hexagenia limbata, loss 99.8 %). This emphasis the extraordinary importance of a high
mayfly fecundity to ensure a stable population (Elliott et al., 1988). Hence, a reduction of
triglycerides, caused by herbicide induced starvation, may not affect the function of benthic
grazing in the recent generation, but affect the abundance of grazers and in conclusion the
function of benthic grazing in the next generation. However, the long time span from autumn
or winter, in which a herbicide exposure is likely to occur, and the emergence period in
spring should be considered. As discussed in the previous paragraph, several studies indicate
the high potential of grazers for a compensatory growth (Hervant and Renault, 2002; Calow,
1975). Taking this long time span into account, a recovery of grazers seems possible.
To conclude, from the experimental results as well as from the literature a risk for
the environment from herbicide pollution in general and for a risk resulting from the use of
Terbutryn in particular was identified. Furthermore, it was shown that the function of benthic
grazing may be affected by direct and indirect effects of Terbutryn. However, more research
has to be performed to investigate the postulated hypothesis. The next chapter will focus on
the effects of a solely insecticide exposure in spring on the grazer-aufwuchs-interaction.
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the grazer-aufwuchs-interaction
4.1. Introduction
The second experiment examined the effects of a single insecticide exposure on the grazer-
aufwuchs-interaction, simulating the spring circumstances in agricultural used catchments.
Spring is an important season for agriculture, but the increasing light and temperature are
providing good conditions for the development of pests and weeds as well. In consequence
also the amounts of applied pesticides, mainly insecticides, rise in spring and contemporary
the probability of the pollution of adjacent aquatic ecosystems. The effects of insecticides in
the aquatic environment vary thereby from sublethal effects, which influence the behaviour of
organisms, to increased mortality. Furthermore, indirect effects in form of trophic cascades
have been observed (Relyea and Hoverman, 2006; Fleeger et al., 2003).
Used insecticides vary today widely depending e.g. on the crops and recommenda-
tions of pesticide producers in respect to substance resistances of target organisms. Due
to the varying toxicity of the different insecticide groups and depending on the applied
amounts, they contribute differently on the total toxicity. Whereas in the 1990s organophos-
phate insecticides were preferably used, in recent years "newer" classes of insecticides e.g.
neonicotinioides and pyrethroids became more popular (Palmquist et al., 2008; Amweg et al.,
2005; Weston et al., 2004). The present experiments will focus on the substance group of
pyrethroid insecticides. Pyrethroids are very toxic to invertebrates and fishes (Giddings et al.,
2009; Schroer et al., 2004), but only moderately toxic to birds and mammals (Maund et al.,
1998). Pyrethroids affect the neuronal system of organisms by binding on the voltage-gated
sodium channels of neurons and prevent them from closing (Type I + II pyrethroids). Further-
more, Type II pyrethroids interact with chloride and calcium channels, which impairs general
nerve functioning (He et al., 2008). Due to their high lipophilicity pyrethroids dissipate rap-
idly from the water to organic matter in adjacent surfaces or sediments. This decreases the
bioavailability of the substance to pelagic organisms (Leistra et al., 2004; Maund et al., 1998),
but increase the exposure and bioavailability for epi- and endobenthic organisms (Maul et al.,
2008; Palmquist et al., 2008; Amweg et al., 2005; Weston et al., 2004). As aufwuchs is a
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possible sink of pyrethroid insecticides in stream ecosystems, polluted aufwuchs may affect
further trophic levels, like grazing herbivorous, via dietary exposure.
Different studies already investigated the effects of the used model substance lambda-
Cyhalothrin (LCH) on the different aquatic organisms. Apart from increased mortality
(Van Wijngaarden et al., 2006; Roessink et al., 2005)), different sublethal effects like beha-
vioural changes, e.g. increased drift (Norum et al., 2010; Heckmann and Friberg, 2005),
as well as effects on growth (Maul et al., 2008) have been observed. Effects on feeding
have not been reported for LCH, but for other neurotoxic insecticides (Alexander et al.,
2007). Indirect effects on primary producers like increased biomasses were not found in the
different pond mesocosm studies with LCH (Van Wijngaarden et al., 2006; Roessink et al.,
2005; Farmer et al., 1995). However, Webber et al. (1992) found such effects in studies with
the related pyrethroid Esfenvalerate. Hence, a trophic cascade could be expected for the
grazer-aufwuchs-interaction as well. Two experiments were performed to investigate the
effects of LCH on the grazer-aufwuchs-interaction. A 28 day batch experiment and a more
natural articial indoor stream (AIS) experiment over a period of 69 days upon exposure.
The aim of the experiments was to investigate, if LCH is capable to induce apart
mortality further sublethal effects like reduced feeding in the benthic grazer Rhithrogena
semicolorata at low exposure concentrations and if sublethal effects reduce their overall graz-
ing performance. Furthermore, it was evaluated, if LCH effect the trophic level of primary
producers, namely the aufwuchs, indirectly, i.e. that aufwuchs benefit significantly from the
increased mortality as well as from decreased grazing performance of R. semicolorata in-
duced by LCH. Finally, as in the previous chapter, the ecological consequences of the gained
results were discussed in the context of the function of benthic grazing. The hypothesis of
the experiments were:
H0: Sublethal concentrations of lambda-Cyhalothrin will not affect the grazing
performance of Rhithrogena semicolorata, hence, aufwuchs will not benefit
from grazer exposure to LCH
H1-1: Even very low concentrations of lambda-Cyhalothrin are capable to disturb the
normal behaviour of R. semicolorata, hence, their grazing performance
H1-2: lambda-Cyhalothrin induce a trophic cascade, which lead to a positive indirect




To investigate the effects of the model insecticide LCH on the function of benthic grazing,
two experiments were performed, a replicated batch experiment in glass beakers and a
mesocosm study in artificial indoor streams.
4.2.1. The insecticide lambda-Cyhalothrin
The insecticide lambda-Cyhalothrin (CAS: 91465-08-6) is a synthetic pyrethroid of the
second generation (Type II, Figure 4.1). It has a log KOW of 7 and a water solubility of ca
5 µg L−1 (20 °C, Assessment report lambda-cyhalothrin, 2001). Due to its physicochemical
properties LCH rapidly dissipates from the water phase to surfaces as sediment or biofilms.
Reported dissipation times (DT50) are in a range of 5 to 24 hours (Schroer et al., 2004;
Maund et al., 1998; Farmer et al., 1995). LCH is, as all pyrethroid insecticides, very toxic to
fishes and arthropods (Giddings et al., 2009; Maund et al., 1998; Clark and Brooks, 1989).
Reported LC50 values range from 310 ng L−1 (EC50 Daphnia magna, 48 h) to 16 ng L−1
(EC50 Gammarus pulex neonates, 48 h). For the mayfly Cloeon dipterum a LC50 (acute, 96 h)
of 105 ng L−1 is reported (Schroer et al., 2004). LCH is approved as insecticide in agriculture
under the European Council Directive 91/414/EEC and is widely used for instance in the
cultivation of rape, corn and potatoes (Syngenta, 2009).
In the present experiments technical grade LCH (98.5 %, Dr. Ehrenstorfer, Germany)
was used. Due to the described rapid adsorption of LCH to surfaces and especially biofilms
with high organic content, the usage of water concentrations was not appropriate to describe
the exposure concentrations. In the mesocosm experiment in the AIS the concentrations of
LCH in the water were 0.01, 0.1, 1, 10 ng L−1. Based on the assumption that the majority
of LCH quickly binds to the organic part of the tiles (aufwuchs) an estimation of the LCH
load per surface of the aufwuchs covered tiles within the AIS was made using Equation 4.1.
Figure 4.1.: Chemical structure of the two lambda-Cyhalothrin isomers according to Assessment report lambda-
cyhalothrin (2001).
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Table 4.1.: LCH water concentrations and resulting surface loads of tiles in the AIS and batch experiment
according to Equation 4.1. For the calculation of loads in the AIS experiment a number of 78 tiles with a
mean surface of 22.4 cm2 and a water volume of 500 L per stream was used. For the batch experiment the
calculation was based on the exposure aquaria, which contained 8 tiles and a water volume of 3 L each.
Water concentration [ng L−1] Surface load [ng cm−2]





Adsorption to other surfaces in the streams was thereby assumed to be negligible, due to the
low amount of unintentional biofilms (organic surfaces) in the AIS to which LCH could bind
at the date of application.
The resulting LCH loads were 0.0029, 0.029, 0.29 and 2.9 ng cm−2, respectively. As
the volume to surface ratio in the batch experiment differed compared to the AIS experiment,
these loads were used to calculate the water concentrations of LCH in the exposure vessels
of the batch experiment, which results in concentrations of 0.17, 1.71, 17.1 and 171 ng L−1,
respectively. Table 4.1 face the water concentrations of both experiments and the respective
LCH surface loads. After determination of the carbon content (POC) of aufwuchs at t-1 of
the respective experiment, additionally the LCH load per gram carbon within the aufwuchs




nt · At (4.1)
LCHload - load of LCH per cm2 tile area [ng cm−2]; cw - nominal water concentration [ng L−1]; Vw - water
volume [L]; nt - number of tiles in the respective vessel; At - mean tile surface area [cm2].
LCHloadOC =
cw · Vw
nt · At · OCt (4.2)
LCHloadOC - load of LCH per mg organic carbon [µg g−1 OC]; cw - nominal water concentration [ng L−1]; Vw -
water volume [L]; nt - number of tiles in the respective vessel; At - mean tile surface area [cm2]; OCt - aufwuchs
carbon content [mg C cm−2].
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Figure 4.2.: Schedule of the AIS and batch experiment, which were performed simultaneously. t-22–t-1 pre-
application period, t0 – 69 exposure period of AIS experiment. Tiles were placed in the streams at t-22.
Grazers were transferred to the AIS and 40 tiles from the AIS to aquaria at t-8. The application of LCH to
the AIS was at t0. Tiles removed from the AIS were stored in aquaria until start of the batch experiment. In
the batch experiment 8 tiles per treatment were exposed to LCH at t-1 in exposure aquaria. The start of the
exposure period with addition of tiles and grazers into beakers was at t0. The batch experiments finished
at t28. Sampling dates in both experiments are indicated by a (aufwuchs) and g (grazer) to indicate the
performed sampling.
4.2.2. Introduced Organisms
The batch experiment was carried out simultaneously with the AIS experiment in spring
2010. Grazers and aufwuchs for both experiments were sampled in February and March
2010 in the Gauernitzbach near Dresden (section 2.1.1.1, p. 9 and 2.1.2.1, p. 11). The
aufwuchs for both experiments was established during the pre-application period of the AIS
experiment. At t-8 of the time scale of the AIS experiment, 40 tiles were removed from the
AIS and transferred to glass aquaria for use in the batch experiment (Figure 4.2).
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4.2.3. General design and schedule of the experiments
4.2.3.1. 28 day batch experiment:
To investigate the effects of LCH on the function of benthic grazing under laboratory con-
ditions, a batch experiment in 2 L-glass beakers with four LCH treatments and a control
(four replicates per treatment) was performed. Tiles used in this experiment were cultured
during the pre-application period of the AIS experiment and were taken out of the AIS at t-8
of the pre-application period (Figure 4.2). Until start of the batch experiment the tiles were
placed in an aerated glass aquaria (35.5 x 23 x 25.5 cm) in a greenhouse with 5 L of modified
Borgmann media at 15 °C. In the first phase of the batch experiment 8 aufwuchs covered tiles
per treatment were placed in a exposure vessels (glass aquaria, 35.5 x 23 x 25.5 cm) with
3 L of modified Borgmann media. Then, the respective amounts of LCH were added to the
vessels solved in 5 mL undenaturated ethanol (100 %, BDH Prolabo - VWR International).
Equal distribution of the substance was reached by aeration with Pasteur pipettes (glass)
connected to an air pump. Tiles remained in these exposure vessels for 24 hours. Afterwards
the tiles were removed from the vessels, slightly dipped in unpolluted Borgmann media for
washing and always two tiles were transferred into a glass beaker filled with 1 L of unpolluted
Borgmann media, respectively. Beakers were placed in a cooling vessel (water temperature
ca. 9 °C) with a cooling unit (compatible control, Huber, Germany) in a laboratory hood.
Each beaker was aerated with Pasteur pipettes connected to an air pump. After one further
hour the exposure period started by adding four grazers to each beaker. The experiment was
finished after 28 days (Figure 4.2.3.1). Physicochemical characteristics (O2, conductivity,
pH) were measured weekly. Grazer dry weight and mortality as well as the quantification of
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Figure 4.3.: Flowchart with schedule of the batch experiment with LCH. t-1 exposure of the tiles, t0 start of the
exposure period with insertion of tiles and grazers into beakers, t28 end of the experiment.
4.2.3.2. Artificial indoor streams
To investigate the effects of LCH on benthic grazing over a longer exposure time, an experi-
ment in AIS over a period of 91 days was carried out. The experiment consists of two phases,
a pre-application period (t-21-t-1) and an exposure period (t0-t69, Figure 4.2).
Preparation of AIS
The technical details of the AIS are described in section 2.2.2 (p. 13). Before the start of
the experiment streams were filled with 500 L of modified Borgmann media (section 2.2.3),
which was circulated for 24 h to ensure evaporation of chlorine residues from the used tap
water. Additional nutrients (phosphorus, nitrate & silicate), necessary for aufwuchs growth,
were added according to Table 4.2. The water temperature was set to 6 °C at the beginning
of the experiment (t-22, 24.02.2010). To simulate the temperature increase in natural streams
during spring, the water temperature was risen about 1 °C every two weeks starting at t13 up
to 10 °C and was then kept constant. The flow velocity was kept at 0.15 m s−1 during the
whole experiment.
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Table 4.2.: Additional nutrients for the modified Borgmann media in the AIS and time of their application.
Nutrient Substance Concentration Times of application
Nitrate-N NaNO3 (Merck, 99.5 %) 2 mg L
−1 t-23
Silicate-Si Na2SiO3x5 H2O (Fluka, 97 %) 5 mg L
−1 t-23
Phosphate-P Na2HPO4 (Merck, 99 %) 0.01 mg L
−1 t-22
Pre-application period
The pre-application period started with addition of 120 aufwuchs covered tiles per stream
at t-22, which were cultured in aquaria as described in section 2.1.1.1. Tiles were randomly
chosen and carefully transferred to the AIS, which water flow was stopped for this purpose.
Afterwards the water flow was slowly increased to the final speed of 0.15 m s−1 within 15
minutes. During the following 14 days the aufwuchs established a stable biomass. Aufwuchs
biomass and physicochemical water characteristics were monitored weekly during the pre-
application period. At t-8 the number of tiles in each stream was reduced to 84. The removed
tiles were used for the batch experiment as described in section 4.2.3.1. Furthermore, grazers
of the species R. semicolorata were introduced into each stream with an abundance of 1
grazer per tile. Only healthy and vital animals were randomly chosen and added to the
streams. Water flow was reduced to half speed for this purpose. The remaining time of
the pre-application period was for acclimatisation of grazers, which was necessary in this
experiment, because direct effects of LCH on grazers were expected and should not be mask
by acclimatisation effects. However, during the first 48 hours 11 injured and dead larvae
were removed and replaced by vital ones. Monitoring of physicochemical characteristics and
aufwuchs were performed at t-22, -15, -8, -1. Grazer sampling started at t-1.
Exposure period
The exposure period started at t0 with the application of LCH, which was applied once solved
in 5 mL undenaturated ethanol (100 %, BDH Prolabo - VWR International), to the respective
AIS. The nominal water concentrations were 0.01, 0.1, 1 and 10 ng L−1. The control stream
was treated with 5 mL of undenaturated ethanol. At this time 78 tiles remained in each AIS.
Sampling of aufwuchs and grazers occurred at t6, 13, 27, 41, 55 & 69. Physicochemical character-
istics were determined once a week. At t69 the experiment was finalized and all remaining




4.2.4.1. Analysis of lambda-Cyhalothrin
The chemical analysis of LCH was difficult, due to the high lipophilicity of LCH and the
resulting fast dissipation from the water as well as the very low concentrations investigated
in both experiments. In the AIS experiment 1 L samples of the stream water were taken at t0
(10 minutes after application) and at the end of the experiment (t69). Samples were filtered
over a glass fibre filter (glass microfibre 696, VWR International) and LCH was extracted
from the resulting water using solid phase extraction (SPE) as described for Terbutryn in
section 3.2.4.1. Furthermore, subsamples of the LCH stock solutions (0.1 and 1 mL) were
transferred into silanized vessels (1.5 mL, Agilent, USA), dried in nitrogen stream (N2 5.0,
AIR LIQUIDE) and afterwards stored in the refrigerator at 4 °C until analysis. In the batch
experiment only the LCH stock solutions were analysed, because LCH was applied indirectly
(adsorbed onto tiles) to the microcosms and the water volumes in the exposure aquaria were
to low for water analysis.
The analysis of LCH was performed by Dr. Monika Möder at the Helmholtz Centre for
Environmental Research–UFZ (Divison for Environmental Health, Department Analytical
Chemistry) in Leipzig with the same method as described for Terbutryn 3.2.4.1. However,
different ions were used for the quantification and qualification of two LCH isomers. To
quantify LCH ion 181 m/z was used, whereas ions 197 m/z and 208 m/z were used for quali-
fication. The calculated limit of detection according to DIN 32645 (1994) was 150 pgµL−1
and the limit of quantification was 500 pgµL−1.
Because the calculated limits of detection and quantification exceed the LCH amount
on the SPE-cartridges by a factor of 3 and 10, respectively, the LCH samples from the water
phase were finally not analysed. Hence, only the subsamples of the stock solutions can be
used as indicator for the LCH concentration in the AIS-experiment.
4.2.4.2. Physicochemical water characteristics
Physicochemical water characteristics were determined weekly in both experiments. In the
AIS experiment the concentrations of soluble reactive phosphorus (SRP), ammonium and
ammonia as well as nitrate and nitrite were determined additionally (details see section 2.3.1,
p.15).
4.2.5. Analysis of aufwuchs
The quantification of aufwuchs biomass was performed by determination of the particulate
organic carbon (POC) (details see section 2.3.2, p. 16). In the batch experiment aufwuchs
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biomass was only quantified at the end of the experiment. As start biomass for the batch
experiment, which was needed for the calculation of LCH loads, the mean biomass of t-1
of the AIS experiment was used (t-1 batch experiment = t-1 AIS experiment). In the AIS
experiment aufwuchs was sampled at different sampling dates during the pre-application
and exposure period (details see section 4.2.3.2, p. 55). At t-22 of the AIS experiment 120
tiles were introduced into the two stretches per AIS. The 60 tiles per stretch were divided
into three parts (top, middle and bottom), each of the same length and with the same number
of tiles. To determine aufwuchs development at each sampling date, one tile per part of a
stretch was randomly selected. Hence, 3 tiles per stretch and 6 tiles per AIS were removed
at each sampling date.
4.2.6. Analysis of grazer
In the batch experiment grazers were sampled at the end of the experiment. In the AIS
experiment grazer sampling occurred in coincidence with the aufwuchs sampling, hence,
6 grazer were removed per sampling date. Grazer mortality was calculated at the end of
both experiments according to Equation 2.4 and 2.5 (p. 19). Detailed information of the
grazer analysis are given in section 2.3.3 (p. 17). In the batch experiment mortality of grazers
was assumed, if no reaction of specimen occurred after tactile stimulation with a feather
weight forceps or in case of obvious cues of mortality, for instance development of fungi or
lysis. Further determined endpoints of both experiments were the grazer dry weight and the
triglyceride content. In the AIS experiment additionally the over night drift was monitored.
4.2.7. Statistics
For the batch experiment one-factorial ANOVAs were calculated with contrast analysis based
on treatment contrasts to determine statistical significant differences between the treatments
for all endpoints except the mortality. A Kruskal-Wallis-test was performed in cases where
normal distribution of residuals or homogeneity of variances were not given. To test in
this case for differences between treatments, a Mann-Whitney-U-test with corrected alpha-
errors (Bonferroni correction) was performed. An alpha error of 0.05 was always used.
The mortality was statistically evaluated using concentration-response-curves, which were
calculated with Probit or Logit models using ToxRat standard (ver. 2.10). As substitute of
the NOEC, which is needed for the risk assessment of LCH (SANCO-3268, 2002), the LC10
was calculated as well.
The use of formal statistics was limited in the AIS experiment, due to missing replica-
tion. When ever possible at least a regression of effects versus concentrations was performed,
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to identify significant trends in the data. For grazer as well as aufwuchs growth rates were
calculated using linear regression models including all available data points. For the mortality
concentrations-response-curves could be calculated as described for the batch experiment.
4.3. Results
4.3.1. 28 d batch experiment
The batch experiment consisted of two phases, first the preparation period, in which the
exposure of tiles with lambda-Cyhalothrin (LCH) was performed, and second the real expos-
ure period in the glass beakers, in which LCH was transferred adsorbed to the tiles and/or
aufwuchs, respectively. As the average carbon content of the tiles exposed to LCH was
0.335 µg cm−2 (the mean carbon content of tiles in the AIS at t-1 was used as approximation),
the resulting nominal aufwuchs loads were 0.009, 0.09, 0.9 and 9 µg g−1 OC, respectively.
Table 4.3.: Nominal LCH water concentrations and aufwuchs loads in the batch experiment.
Concentration Load per





4.3.1.1. Analysis of lambda-Cyhalothrin in the batch experiment
Due to the low water volumes, the fast dissipation of LCH from the water and the low LCH
concentrations used in the batch experiment only the LCH stock solutions were analysed to
estimate the exposure in the beakers. Two LCH stock solutions were used for application
in the batch experiment. The first stock solution had a nominal concentration of 1 µg L−1
and was used for the highest test concentration, whereas the second stock solution had a
nominal concentration of 0.1 µg L−1 and was used for the remaining test concentrations. The
analysis revealed a LCH concentration of 1.172 µg L−1 in the first and 0.178 µg L−1 in the
second stock solution, which corresponds to a recovery of 117 and 178 %. Because the
analysis were not replicated these results are just indications of the presence of LCH in the
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stock solution and in the treatments. Therefore, all following calculations of concentration-
response-relationships and deductions of effect concentrations will be based on nominal
concentrations.
4.3.1.2. Water characteristics in the batch experiment
The detailed results of physical and chemical parameters determined during the batch ex-
periment are shown in Table 4.4. Briefly, significant differences between treatments were
not found in any of the determined parameters. The water temperature was set to 9 °C, but
median water temperatures were between 12.5 and 12.7 °C. The minimum and maximum
temperatures were between 11.1 and 14.8 °C.
Oxygen concentration varied slightly in dependence of the water temperature. The
median oxygen concentration in the water was 9.8 to 10.0 mg L−1 and the minimum and
maximum oxygen concentrations were between 9.4 to 10.6 mg L−1. Accordingly, the oxygen
saturation was always > 90 % in all treatments.
pH values were very stable during the whole experiment with a median of pH 8.1.
Minimum and maximum pH values were between 8.0 and 8.2.
The conductivity varied only slightly during the experiment. The median conductivity
was between 650 and 665 µS cm−1 and the minimum and maximum values were between
























































































































































































































































































































































4. Eﬀects of a single insecticide exposure
4.3.1.3. Development of grazers in the batch experiment
Mortality
LCH was expected to aﬀect the grazer R. semicolorata directly. The mortality as lethal
endpoint of the eﬀect analysis showed a signiﬁcant concentration-response-relationship
with increasing LCH concentration (Figure 4.4 A; ANOVA, df=4, F=68.25, p<0.001) with
6.25±6.25 % in the control as well as 6.25±6.25 %, 0±0 %, 12.5±7.2 % and 100±0 % in the
0.009, 0.09, 0.9 and 9 μg g−1 OC treatments, respectively. Treatment 9 μg g−1 OC showed a
signiﬁcantly increased mortality compared to the control (contrast analysis: control vs. 9,
t-value=12.99, p<0.001). A 2-parameter logit model was ﬁtted to the data after compensation
of control mortality according to Abbott and a LC50 (28 d) of 1.20 μg g−1 OC [95 % CL:














































Figure 4.4.: A) Relative grazer mortality at the end of the batch experiment in the diﬀerent treatments [AM±SE].
*** signiﬁcantly diﬀerent from control, p<0.001. B) Concentration response relationship for the LCH loads
calculated with a 2-parameter logit model after Abbott compensation of control mortality. Dotted lines are




As sublethal endpoints the dry weight and triglyceride content of grazers were determined.
The dry weight of the grazers showed a signiﬁcant concentration-response-relationship with
LCH (ANOVA1, df=3, F=7.75, p=0.004; Figure 4.5) and was 2.1±0.1 mg in the control as
well as 2.0±0.2 mg, 2.0±0.0 mg and 1.2±0.5 mg in treatment 0.009, 0.09 and 0.9 μg g−1 OC
respectively. Treatment 0.9 μg g−1 OC showed a signiﬁcant lower dry weight compared to
the control (contrast analysis: control vs. 0.9, t-value=-4.31, p=0.001). The determination of



























Figure 4.5.: Grazer dry weight at the end of the batch experiment in the diﬀerent treatments [AM±SE]. ***
signiﬁcantly diﬀerent from control p=0.001. † all grazers dead. LCH treatments in μg g−1 OC.
1Data Boxcox transformed (x2) to correct inhomogeneous variances
63
4. Eﬀects of a single insecticide exposure
Triglyceride content
The larval triglyceride content also showed a signiﬁcant concentration-response-relationship
with LCH (ANOVA, df=3, F=4.69, p=0.02; Figure 4.6), with 307±23 μMol g−1 DW in the
control as well as 301±41 μMol g−1 DW, 363±20 μMol g−1 DW and 153±65 μMol g−1 DW
in treatment 0.009, 0.09 and 0.9 μg g−1 OC respectively. Again treatment 0.9 μg g−1 OC
showed a signiﬁcant reduced triglyceride content compared to the control (contrast analysis:
control vs. 0.9, t-value=-2.63, p=0.02). The determination of triglycerides in treatment




































Figure 4.6.: Grazer triglyceride contents at the end of the batch experiment [AM±SE]. * signiﬁcantly diﬀerent







































Figure 4.7.: Aufwuchs biomass as POC at the end of the batch experiment [AM±SE]. LCH treatments in
μg g−1 OC.
4.3.1.4. Development of aufwuchs biomass in the batch experiment
As indicator for the grazing activity of the mayﬂy larvae the remaining amount of aufwuchs
on the tiles was determined as POC at the end of the experiment. The aufwuchs biomass
showed a signiﬁcant inverse concentration-response-relationship with increasing LCH con-
centrations (Kruskal-Wallis-test, df=4, chi2=11.70, p=0.022; Figure 4.7) with the lowest
amount of aufwuchs with 0.022±0.001 mg cm−2 in the control, 0.018±0.003 mg cm−2 in
treatment 0.009 and 0.018±0.002 mg cm−2 in treatment 0.09 μg g−1 OC, an intermediate
amount of remaining aufwuchs in treatment 0.9 μg g−1 OC with 0.152±0.078 mg cm−2 and
nearly ungrazed tiles in treatment 9 μg g−1 OC with an POC of 0.306±0.017 mg cm−2. A
performed Nemenyi-test for multiple non-parametric comparisons found no signiﬁcant dif-
ferences between the LCH treatments and the control.
4.3.1.5. Summary batch experiment
The batch experiment revealed a clear concentration-response-relationship of grazer mor-
tality with LCH in aufwuchs. A LC50 for the LCH load in the aufwuchs of 1.2 μg g−1 OC
[95 % CL: 0.96–1.53] (nominal) was calculated. Furthermore, LCH reduced the dry weight
and triglyceride content of grazers at concentrations of 0.9 μg g−1 OC, in which mortality
was only slightly increased. Finally, a clear inverse concentration-response-relationship of
aufwuchs biomass and LCH load were found with clearly increased aufwuchs biomasses in
treatment 0.9 and 9 μg g−1 OC.
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4.3.2. Artificial indoor streams (AIS)
In the AIS experiment LCH was applied over the water phase, hence, the results are mainly
presented as water concentrations. Nevertheless, also aufwuchs loads (LCHloadOC) were cal-
culated according to equation 4.2 using the respective mean aufwuchs biomasses of the dif-
ferent treatments at t-1, which were 0.37±0.04 mg C cm−2 in the control as well as 0.40±0.03,
0.33±0.02, 0.21±0.01, 0.37±0.01 mg C cm−2 in the 0.01, 0.1, 1 and 10 ng L−1 treatments,
respectively. Resulting nominal LCH loads were 0.007, 0.09, 1.36, 7.73 µg g−1 OC (0.01,
0.1, 1, 10 ng L−1), which was similar to the loads of the batch experiment (Table 4.5).
Table 4.5.: Nominal LCH water concentrations and aufwuchs loads in the AIS experiment. The aufwuchs loads
(LCHloadOC) were calculated using the specific mean carbon contents in the different streams.
Concentration Load per





4.3.2.1. Analysis of lambda-Cyhalothrin in the AIS experiment
In the AIS LCH was finally only analysed in the stock solutions, because the limits of
detection and quantification of the used analytical method were higher than the concentrated
amount of LCH on the SPE-cartridges after extraction. Four different stock solutions, which
were directly applied to the streams, were used for the exposure of the AIS at t0. The nominal
concentrations were 1, 0.1, 0.01 and 0.001 µg L−1 and 2.29, 0.097, 0.004 and 0.001 µg L−1
were determined during analysis, respectively. As in the batch experiment the analysis has
not been replicated, hence, these results give just an indication of the presence of LCH in
the stock solutions and accordingly in the AIS. Therefore, the calculations of concentration-
response-relationships as well as the deduction of effect levels will be based on the nominal
concentrations.
4.3.2.2. Water characteristics and light intensity in the AIS experiment
The physicochemical characteristics determined during the experiment in the AIS showed a
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Figure 4.8.: Development of the water temperature during the AIS experiment. LCH treatments in ng L−1.
be depicted more detailed, because their progression cannot be described well with median,
minimum and maximum values. Briefly, no strong deviations of any parameter from the
respective development in the control stream were observed in the other AIS.
The water temperature was set to 6 °C during the pre-application period and until t13
of the exposure period and was risen afterwards about 1 °C every second week up to 10 °C.
Determined temperature values matches well with this pattern and no deviations between the
streams were observed (Figure 4.8).
The oxygen concentration varied slightly during the first two weeks of the pre-applica-
tion period, but stabilized afterwards until t13. Although the oxygen concentration is tem-
perature dependent, it decreased only slightly with increasing temperature during exposure
period. The median oxygen concentration during the whole experiment was between 11.2
and 11.4 mg L−1 and the minimum and maximum values between 10.3 and 14 mg L−1. Only
minor differences between the streams were detected.
The conductivity stayed stable in a range of ±10 µS cm−1in all treatments throughout
the experiment. Median conductivity was between 428 and 430 µS cm−1and minimum and
maximum values between 423 and 436 µS cm−1. Only minor differences between the streams
were detected.
pH values stayed also very stable during the experiment. The median pH value was 8.0
in all treatments and also minimum and maximum values were in all treatments 7.9 and 8.1.
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As chemical characteristics diﬀerent nutrients were monitored. Ammonium decreased
slightly during pre-application period, but increased markedly after t30 until the end of
the experiment (Figure 4.9). Median ammonium concentration were between 6.8 and
13.8 μg L−1with minimum and maximum concentrations between 2.4 and 101.1 μg L−1.
Diﬀerences between treatments were minor at the beginning of the experiment and increased
until the end of the experiment. During the last weeks treatment 1 ng L−1 showed always
a lower ammonium concentration compared to the other treatments. The maximum am-
monium concentration in this treatment was reached at t62 with 52.9 μg L−1 compared to
78.3 μg L−1 in the control. At the end of the experiment the ammonium concentration of
treatment 1 ng L−1 was about 34.4 μg L−1 compared to 101.1 μg L−1 in treatment 0.01 ng L−1,
which reached the highest ammonium concentration. However, no concentration response of
ammonium concentration with LCH was found.
Ammonia concentrations, calculated according to Hamm (1991), were mostly very
low between 0.12 and 0.18 μg L−1 in all treatments. The highest ammonia concentrations
occurred at t62 with maximum concentrations between 1.30 and 2.46 μg L−1 in treatment
1 and 0.1, respectively. Strong diﬀerences between the treatments were not found (Figure
4.10).
Nitrate concentrations decreased slightly during the experiment and were in median
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Figure 4.9.: Development of the ammonium concentration during the AIS experiment. LCH treatments in
ng L−1.
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Figure 4.10.: Development of the ammonia concentration during the AIS experiment. LCH treatments in
ng L−1.
and 3.8 mgL−1. Diﬀerences between treatments were only minor. Nitrite was also measured,
but was in all treatments below the limit of determination of 0.09 mgL−1.
Concentrations of soluble reactive phosphorus (SRP) declined quickly in all treatments
during the pre-application period and stayed below the limit of quantiﬁcation (4 μg L−1),
during the exposure period. Median SRP concentrations were between 1.6 and 2.2 μg L−1
and minimum and maximum concentrations were between 1.4 and 9.3 μg L−1. No strong
diﬀerences between treatments were detected.
The illumination of the AIS was naturally, as they were placed in a greenhouse. The
mean daily light intensity showed a season dependent increase during the experiment (Figure
4.11) with a mean daily light intensity of 708±19 mEm−2 d−1 in the pre-application period
and 1,315±64 mEm−2 d−1 in the exposure period. The mean daily light intensity was calcu-
lated with of a regression model (red line in the ﬁgure) to estimate values for days at which
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Figure 4.11.: Mean daily light intensity in the greenhouse during the experiment [mEm−2 d−1]. Each bar is the
cumulative light intensity of the several day lasting measurement divided by the respective duration of the
measurement. grey - pre-application period; black - exposure period; red line - predicted mean daily light
intensity. The upper axis indicate the date of the experiment.
4.3.2.3. Development of grazers in the AIS experiment
Mortality
Because LCH is an insecticide, strong eﬀects on grazers were expected in this experiment.
Grazer mortality as lethal endpoint was determined at the end of the experiment and showed
a clear concentration-response-relationship with the LCH concentration (Figure 4.12). Mor-
tality in the control treatment was low (7.7 %). Treatment 0.01 and 0.1 ng L−1 showed
a low mortality of 3.8 % each, as well. Higher mortalities were determined in treatment
1 ng L−1 with 19.2 % and 10 ngL−1 with 100 %. A 2-parameter Logit model was ﬁtted to
this data after compensation of the control mortality according to Abbott and a LC50 (69 d)
of 1.23 ng L−1 [95 % CL: 1.15–1.33] and a LC10 of 0.97 ng L−1 [95 % CL: 0.91–1.05] were
calculated (Figure 4.13 A). Furthermore, a Probit model was ﬁtted to the calculated aufwuchs
loads, which results in a LC50 (69 d) of 2.42 μg g−1 OC [95 % CL: 0.54-11.59] and a LC10
of 0.86 μg g−1 OC [95 % CL: 0.01-2.13] (Figure 4.13 B).
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Figure 4.12.: Relative grazer mortality at the end of the AIS experiment in the diﬀerent treatments [AM±SE].






































LC50 = 1.23 ng L
−1
A) B)
Figure 4.13.: A) Concentration response relationship for the LCH water concentrations calculated with a 2-
parameter logit model. B) Concentration response relationship for the LCH aufwuchs loads calculated with





The over night drift activity was determined as sublethal behavioural endpoint in the AIS
experiment. After addition of grazers into the AIS at t-8 an increased drift was observed in
all streams, which decreased to a low drift until the end of the pre-application period (Figure
4.14).
During the exposure period a low drift after application of LCH was observed in the
control as well as in treatment 0.01 and 0.1 ng L−1, whereas an increased drift was observed
in treatment 1 and 10 ng L−1. In the 10 ng L−1 treatment all grazer showed signs of lethargy
and paralysis as well as increased drift already a few hours after application of LCH and died
within the next 2 weeks of the experiment. At t13 all remaining grazer in this stream were
sampled, but no surviving ones were found for further analysis. All sampled grazers were
heavily injured (separation of legs), presumably due to their sojourn in the drift nets of the
stream.
The cumulative over night drift during the exposure period is shown in Figure 4.15.
Cumulation was started at t0 to focus on the effects of LCH on the drift. The Figure shows
a clear concentration response relationship of LCH with the over night drift activity after
application. Furthermore, a recovery of grazers in treatment 1 ng L−1 is visible in form of a
























Figure 4.14.: Cumulative over night drift of grazers during the pre-application period of the AIS experiment.
Cumulation started at t-7. Streams are named according to their LCH concentration [ng L−1] in the exposure
period.
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Figure 4.15.: Cumulative over night drift of grazers during the exposure period. Cumulation started at t0. LCH
treatments in ng L−1.
Growth and dry weights
Dry weights and triglyceride contents of grazers were determined as further sublethal end-
points. Grazer dry weights were firstly determined at the end of the pre-application period
(t-1) one week after introduction into the streams. At this date no differences of grazer dry
weight between the AIS were detected (Figure 4.16). Grazer dry weight was 0.7±0.1 mg
in the control, 0.9±0.4 mg, 0.9±0.2 mg, 1.0±0.3 mg and 0.9±0.1 mg in treatment 0.01,
0.1, 1 and 10 ng L−1, respectively. At the end of the experiment (t69) the control showed a
dry weight of 4.3±0.2 mg. Treatment 0.01 and 0.1 ng L−1 showed similar dry weights of
3.8±0.2 mg and 4.1±0.2 mg. Treatment 1 ng L−1 showed a reduced dry weight of 2.9±0.3 mg
and in for treatment 10 ng L−1 no dry weight could be determined, due to 100 % mortality.
To compare the growth of grazers between the treatments over the exposure period the
growth rate for the different treatments was calculated using linear regression. The resulting
growth rates were 52.5±3.3 µg d−1 in the control. Treatments 0.01 and 0.1 ng L−1 had a
slightly lower growth rate of 43.5±3.3 µg d−1and 47.6±3.4 µg d−1, respectively. Treatment
1 ng L−1 had a considerable lower growth rate of 27.6±3.3 µg d−1 and treatment 10 ng L−1
had the lowest growth rate of only 4.0±50.7 µg d−1, which is also a result of the fast death of

























Figure 4.16.: Development of grazer dry weight during the AIS experiment in the diﬀerent treatments [AM±SE].






























Figure 4.17.: Grazer triglyceride contents at the end of the AIS experiment in the diﬀerent treatments [AM±SE].
LCH treatments in μg g−1 OC.
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Triglyceride content
Triglyceride contents were analysed at the end of the experiment (t69) as measure of physiolo-
gical condition of the grazers. A clear concentration-response-relationship with LCH was
found (Figure 4.17), with 1139±77 µMol g−1 DW in the control and a similar triglyceride con-
tent in treatment 0.01 ng L−1 (1319±136 µMol g−1 DW). Reduced triglyceride contents were
found in treatment 0.1 ng L−1 (953±47 µMol g−1 DW) and 1 ng L−1 (796±110 µMol g−1 DW).
In treatment 10 ng L−1 no triglyceride contents could be determined, due to 100 % mortality
of grazers.
4.3.2.4. Development of aufwuchs biomass in the AIS experiment
Aufwuchs biomass was monitored by analysis of the particulate organic carbon (POC)
in a weekly (t-22–t13) or biweekly (t13–t69) period (Figure 4.18 A). Three samplings were
performed during the pre-application period. The first two without grazers in the streams
(t-14,-8) and the third (t-1) after grazer addition. Independent from the presence of grazers
all treatments showed an increase of aufwuchs biomass during the pre-application period.
Treatment 1 ng L−1 showed thereby a lower increase of aufwuchs during the pre-application
period, which resulted in a higher aufwuchs load compared to the other LCH treatments, as
mentioned at the beginning of the AIS results part.
Moreover, this reduced aufwuchs biomass hampers the comparison between treatments
during the exposure period, as obvious from Figure 4.18. To enable a direct comparison
of the treatments, the growth rates of aufwuchs during the exposure period were calculated
using a linear regression model. POC values of t6 were used as start points of this model,
because during the first week of the exposure period all treatments showed still an increase
of aufwuchs biomass. All data points were corrected for the respective aufwuchs biomass
treatment mean of day t6, resulting in the pure biomass change compared to this time point.
The resulting net growth rate of the aufwuchs was -3.4±0.6 µg C d−1 cm−2 in the control
and -3.0±0.6 µg C d−1 cm−2 in treatment 0.1 ng L−1. A net growth rate of nearly zero was
found for treatment 1 ng L−1 with 0.0±0.6 µg C d−1 cm−2and for treatment 0.01 ng L−1 with
-0.3±0.6 µg C d−1 cm−2. Finally, treatment 10 ng L−1 showed a clearly positive net growth
rate of 3.1±0.6 µg C d−1 cm−2. An overview of the remaining aufwuchs biomass at the end




































Figure 4.18.: Development of particulate organic carbon as marker for the aufwuchs biomass during the AIS
experiment in the diﬀerent treatments [AM±SE]. t-22–t-1 pre-application period, t0 – 69 exposure period.
Figure 4.19.: Remaining aufwuchs on the tiles in the diﬀerent treatments at the end of the AIS experiment.
Tiles within the treatment are ordered depending on the remaining amount of aufwuchs.
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4.3.2.5. Summary AIS experiment
The AIS experiment revealed a clear concentration-response-relationship of grazer mortality
with LCH adsorbed to aufwuchs. The calculated LC50 for the LCH load in the aufwuchs was
2.42 µg g−1 OC [95 % CL: 0.54–11.59]. Further effects of LCH on grazers were found for the
over night drift activity, where increased drift occurred in the 1 and 10 ng L−1 treatment, for
the growth of grazers, which was reduced in treatment 1 and 10 ng L−1and for the triglyceride
contents, which were already reduced in the 0.1 ng L−1 treatment. A clear effect of LCH on
the aufwuchs development was only found for the highest LCH concentration of 10 ng L−1.
4.4. Discussion
Insecticides are one of the most important sources of toxicity for freshwater invertebrates
in the aquatic environment (Köhler and Triebskorn, 2013; Schaefer et al., 2011; Belden
et al., 2007; Battaglin and Fairchild, 2002). While effects on survival and reproduction are
evaluated in the course of substance approval, sublethal effects for example on the behaviour
and the resulting negative impacts on ecosystem functioning are often neglected. This
chapter focuses on the direct and indirect effects of an insecticide exposure on the grazer-
aufwuchs-interaction during spring. Two experiments, a batch experiment and an artificial
indoor stream (AIS) experiment, were performed to test at first, if the model insecticide
lambda-Cyhalothrin (LCH) is capable to induce sublethal effects on grazers. Furthermore,
it was tested whether aufwuchs can benefit indirectly from negative impacts of LCH on
grazers.
Briefly, as expected for an insecticide a concentration response of grazer mortality
with LCH concentration was found in both experiments. Determined LC50 values refered
to the carbon content of the aufwuchs were in the same range in both experiments (batch
experiment: LC50 (28 d) = 1.20 µg g−1 OC [95%CI: 0.96–1.53]; AIS experiment: LC50
(69 d) = 2.42 µg g−1 OC [0.54–11.59]). Furthermore, sublethal effects like reduced dry
weights and triglyceride contents as well as increased over night drift were detected. Clear
indirect effects on aufwuchs were found in the batch experiment at 0.9 µg g−1 OC and
9 µg g−1 OC, which could be attributed to lethal and sublethal effects of LCH on grazers.
In the AIS experiment indirect effects on aufwuchs were only found at 7.73 µg g−1 OC and
were caused by high mortality. Hence, both experiments revealed the potential of LCH, to
induce a trophic cascade at lethal and moreover at sublethal concentrations. Comparison
with measured environmental concentrations revealed a clear overlap with determined effect
concentrations, and therefore a certain risk of the model substance LCH for the environment,
which will be discussed finally.
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4.4.1. Characterisation of LCH exposure and fate
LCH was applied via the water phase at t0 in the AIS experiment and 24 hours before the start
of the batch experiment into the respective exposure vessels. A fast adsorption to aufwuchs
was thereby assumed, due to the high lipophilicity of LCH and the resulting fate reported in
the literature (Van Wijngaarden et al., 2004; Assessment report lambda-cyhalothrin, 2001;
Farmer et al., 1995). Due to the described difficulties of the LCH analysis (section 4.2.4.1),
finally only the stock solutions were analysed in both experiments. The analysis of the
respective stock solutions revealed LCH concentration in the expected order of magnitude.
However, the recovery fluctuated in a range of 117 to 178 % in the batch experiment and
39 to 230 % in the AIS experiment. Considering that all stock solutions were prepared with
great care and that some stock solutions are dilutions of others (e.g. in the batch experiment)
indicates a high methodical error of the analysis. Due to the difficulties of the LCH analysis
and the missing determination of LCH in the water phase of the test vessels, the results of the
LCH analysis should be interpreted only as indications of the presence of LCH in the stock
solutions. As the stock solutions were directly applied to the test vessels, the presence of
LCH in the water can be assumed as well. As no exact concentrations could be determined
in the analysis of LCH, the nominal concentrations were used as a conservative approach for
all calculations and the determination of effect concentrations.
Due to the missing quantification of LCH its fate during the experiment remained
unclear and can only be estimated. Beside its lipophilicity three further aspects are in this
context of interest; the hydrolysis, the photolysis and the biological degradation of LCH.
LCH is stable against hydrolysis at pH <8 (He et al., 2008). At pH 9.0 a half life of 7
to 9 days was determined (He et al., 2008; Assessment report lambda-cyhalothrin, 2001).
In both experiments the pH values were around 8, hence, a slow hydrolysis of LCH in
the water phase may occurred. Further degradation may occurred with LCH adsorbed to
aufwuchs, due to photosynthetic activity of benthic algae, which may increased the pH value
within the aufwuchs and thus hydrolysis (Schwoerbel and Brendelberger, 2005; Leistra et al.,
2004). Furthermore, an increased biological degradation of LCH can be assumed in the
aufwuchs, due to the proximity of LCH and bacteria (He et al., 2008). As the AIS were
placed in a greenhouse with natural direct illumination by sunlight, photolytic degradation
may occurred as well. Especially, the UV range of the light is known to cause photolysis of
LCH. Fernandez-Alvarez et al. (2007) determined a half life time of LCH under UV-exposure
of only 4.26 minutes, which clearly illustrates its sensitivity to photolysis. The Assessment
report lambda-cyhalothrin (2001) reported half life times of LCH for summer and winter
of 5–72 days. Therefore, apart from the fast dissipation of LCH from the water, due to its
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high lipophilicity, it seems very likely that LCH degraded quickly within the aufwuchs as
result of the described processes. The real exposure of organisms to LCH was therefore may
be limited to a few days after application. Because LCH was not exactly quantified, these
are only assumptions about the dissipation and degradation of LCH. Nevertheless, it shows
that the nominal concentrations used for the determination of effect concentrations are very
conservative and likely to overestimate the real LCH concentration in the test vessels.
4.4.2. Physicochemical characteristics of the water
Different physicochemical characteristics were determined during the experiments to mon-
itor, whether the applied test substances influenced the water chemistry and to exclude
negative impacts of any characteristic to the test organisms. Briefly, LCH itself showed no
concentration-response-relationship with the water chemistry, neither in the batch nor in
the AIS experiment. No strong differences of the physicochemical parameters between the
single treatments have been observed in both experiments. To exclude negative effects of
any parameter on the test organisms, the determined characteristics will be subsequently
compared with previous experiments using the same organisms and experimental design as
well as with environmental values.
The water temperature was set to 6 °C with a biweekly increase about 1 °C up to
10 °C in the AIS experiment and 9 °C in the batch experiment. The aimed temperatures
were reached well during the AIS experiment, whereas water temperatures were higher
than expected in the batch experiment with maximum values of about 15 °C. The latter
can be attributed to limited cooling capabilities of the used cooling unit. However, no
negative impacts on grazers or aufwuchs were expected from theses water temperatures.
Previous experiments with the grazer R. semicolorata and aufwuchs were performed at water
temperatures up to 15 °C by Licht et al. (2004) without any negative impacts. Furthermore,
in the Gauernitzbach, the summer cold mountain stream where grazers were taken from,
maximum water temperatures of 17 °C in the summer has been reported by Winkelmann
and Koop (2007) and about 13 °C were reported by Avramov (2007) for May, which is the
main emergence period of R. semicolorata. Effects of the temperature on the development of
grazers and aufwuchs between treatments were not expected as well, because the variation of
the water temperatures between treatments and replicates was very small in both experiments.
Due to the circulation of the water in the AIS experiment and the intense aeration of
the beakers with pipettes in the batch experiment oxygen concentrations in both experiments
were always >9 mg L−1 and the respective saturations >90 %. This is high and matches
with values reported from former experiments (see chapter 3 or Rybicki et al. (2012); Licht
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et al. (2004)). For the Gauernitzbach Winkelmann and Koop (2007) and Avramov (2007)
reported similar saturations, hence, no negative effects on organisms due to low oxygen
concentrations, especially on grazers which need high oxygen concentrations (Mauch and
Schmedtje, 1996), were expected and observed.
The conductivity showed in both experiments low deviations and was only influenced
by evaporation of water in the respective test vessels (AIS, beakers), which was compensated
by regular re-filling with deionized water (<10 µS cm−1). In the batch experiment median
conductivities were about 660 µS cm−1, whereas median conductivities in the AIS were
about 430 µS cm−1. This difference can be attributed to the used tap water in the respective
experiments. The pure tap water conductivity in Dresden normally differ between 200 and
500 µS cm−1 (own measurements) depending on the sources for the tap water used by the
supplier. However, negative effects on grazer or aufwuchs were not expected and observed
in both experiments, because similar conductivities were determined in former experiments
(see chapter 3 or Rybicki et al., 2012) as well. For the Gauernitzbach Winkelmann and
Koop (2007) reported even mean conductivities of 888±70 µS cm−1, which is very high for
mountain streams with silicious geology (Pottgiesser and Sommerhäuser, 2008).
An important characteristic was the pH value. As in former experiments with modified
Borgmann media (see chapter 3, Rybicki et al., 2012) pH values were neutral to slightly
basic around pH 8 in both experiments. This matches also with values reported for the
Gauernitzbach, where pH values of 8.4±0.2 has been reported by Winkelmann and Koop
(2007). Hence, no negative effects of the pH values on organisms were expected and observed.
The effects of the pH value on the stability of LCH has been already discussed in the former
section.
Within the AIS experiment different nutrients were determined as chemical character-
istics. As discussed in the previous chapter ammonium itself is a nitrogen source and not
toxic to water organism but ammonia, which establishs a pH and temperature dependent equi-
librium with ammonium (Hobiger, 1996; Hamm, 1991). The ammonium concentration was
in all treatments low during the pre-application period and first half of the exposure period
(median concentration ca 10 µg L−1), but increased markedly until the end of the experiment
up to 50–100 µg L−1. A concentration-response-relationship with LCH was thereby not ob-
served. However, treatment 1 ng L−1 developed a lower ammonium concentration compared
to the other treatments. The obvious source of ammonium was the increasing amount of
detritus, which accumulates in the AIS with progressing experimental time and from which
ammonium was released in the course of ammonification (Schwoerbel and Brendelberger,
2005; Lampert and Sommer, 1999). A comparison of the aufwuchs development during
the experiment revealed that treatment 1 ng L−1 achieved a lower aufwuchs biomass and,
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hence, lower detritus amounts compared to the other treatments. This is most likely the
reason for the reduced ammonium concentration in this treatment. However, in previous
experiments ammonium concentrations up to 400 µg L−1 has been observed in experiments
with the insecticide Fenoxycarb (Rybicki, 2008), without negative effects on grazers, be-
cause ammonia concentrations remained low (> 4 µg L−1). In the present AIS experiment
the ammonia concentrations never reached a concentration of 3 µg L−1 as well. Compared
to former studies with R. semicolorata in AIS, where maximum ammonia concentrations
of 100 µg L−1 have been reported without effects on organism survival (Licht et al., 2004),
the ammonia concentrations determined in the present experiment were very low. Also
maximum ammonia concentrations reported for the Gauernitzbach of 40 µg L−1 (2004–2005,
Hellmann and Winkelmann, pers. com.) are much higher than present concentrations. Hence,
no negative effects on organisms were expected.
Nitrate and nitrite were determined in the AIS experiment as well. While the nitrite
concentration was always below the limit of detection (Table 2.1), the nitrate concentration
remained stable throughout the experiment at 3.5 mg L−1. This is consistent with nitrate
concentrations of previous experiments (see chapter 3 or Rybicki et al., 2012; Licht, 2005;
Brust et al., 2001), but much lower compared to the Gauernitzbach, where Winkelmann
et al. (2008) reported monthly averages of of 12.3±3.3 mg L−1 (2003–2004). However, no
negative effects on organisms as well as no inhibition of aufwuchs growth, due to nitrogen
limitation, were expected from these concentrations.
The last determined nutrient was phosphorus in form of soluble reactive phosphorus
(SRP). The SRP concentration was set to 10 µg L−1 at the beginning of the pre-application
period and decreased quickly under the limit of quantification (4 µg L−1) for the remaining
time of the experiment. This is consistent with previous experiments (see chapter 3 or
Rybicki et al., 2012) and with the AIS experiment of Licht (2005), where phosphorus showed
a similar progression. However, the SRP concentration was low compared to values from
the Gauernitzbach, where Winkelmann et al. (2008) reported average SRP concentrations of
26±15 µg L−1. While negative effects on grazers can be excluded, it seems that phosphorus
was the limiting factor for the growth of aufwuchs. Considering the relatively high aufwuchs
biomasses reached during pre-application period, a phosphorus limitation during this phase
can be excluded. However, for the exposure period a phosphorus limitation may restricted
the maximum aufwuchs biomass in the AIS. On the other hand a short phosphorus cycle,
due to the grazing activity of mayfly larvae seems possible (Schwoerbel and Brendelberger,
2005), at least for the streams were grazers survived. Hence, the SRP concentration should
be considered in the interpretation of the aufwuchs biomass results.
Finally, also the light intensity was monitored. As expected in spring the light intensity
increased steadily during the experiment. The median light intensity during pre-application
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period was with 708 mE m−2 d−1 clearly higher than in the Terbutryn experiment (see chapter
3), which led to a faster growth of aufwuchs and, hence, to higher aufwuchs biomasses at
the end of the pre-application period. Because the light intensity increased further in the
exposure period, a light limitation of aufwuchs can be excluded. However, as discussed in
the previous section, the high light intensity during the exposure period might increased the
photolysis of LCH as well.
4.4.3. Effects on grazers
The first aim of this study was to determine the toxicity of LCH to the larvae of R. semi-
colorata. As described above the exposure of grazers was performed indirectly via the
aufwuchs in the batch experiment and via the water phase and the aufwuchs in the AIS
experiment. However, water phase exposure was in the AIS experiment only relevant during
the first days until dissipation of LCH from the water. Controls showed in both experiments
a low mortality of < 10 %, which is in a range of previous experiments (see chapter 3
and Rybicki et al., 2012; Licht et al., 2004). Indications of intoxication like lethargy or
increased drift, the latter only in the AIS, occurred in the LCH treatments in both experi-
ments quickly after application, at least in the highest tested concentrations. The calculated
concentration-response-curves revealed similar LC50 values in both experiments (batch ex-
periment: LC50 (28 d) = 1.20 µg g−1 OC [95 % CL: 0.96–1.53]; AIS experiment: LC50
(69 d) = 2.42 µg g−1 OC [95 % CL: 0.54–11.59]; both nominal). Similar LC50 were reported
by Maul et al. (2008), who determined LC50 (10 d) for Chironomus riparius of 2.8 µg g−1 OC
[95 % CL: 2.3–3.5]. Because LCH was applied into the water in the AIS experiments, also
the water concentrations can be used to calculate LC50 values, which resulted in a LC50
(water) of 1.23 ng L−1 [95 % CL: 1.15–1.33] (nominal). This is low compared to a ditch
mesocosm study of Schroer et al. (2004), who determined EC50 values for the endpoint
population development (10 d) for the mayflies Cloeon dipterum and Ceanis horaria of
24.0 ng L−1 [95 % CL: 10.9–53.1] and 14.3 ng L−1 [95 % CL: 8.1–25.0]. However, the water
concentrations of LCH depends strongly on other factors like volume-surface-ratios of the
test vessels or the existence of other surfaces like macrophytes, phytoplankton or aufwuchs,
which provides areas for adsorption (Leistra et al., 2004). Therefore, the bioavailability and
consequently the effect concentrations of LCH estimated from water concentration can differ
remarkably. The difference of the effect concentrations of approximately one magnitude
between the AIS experiment and the study of Schroer et al. (2004) should therefore not
be overstated. Rather it shows the importance to consider the adsorption property of LCH
during the design of experiments and the analysis of gained results. If it is possible, it is
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meaningful to relate the LCH concentration to the carbon content in sediment (Amweg et al.,
2006) or aufwuchs, as performed in this study, especially if the surfaces provides the habitat
and/or food source of further involved organisms. Hence, for the risk assessment of LCH the
effect concentrations derived from the above described aufwuchs load models will be used.
The overnight drift was determined in the AIS experiment as important sublethal
endpoint, which quickly responds to toxicity of pesticides on stream insects. This was shown
in several studies of pyrethroids and other insecticides in lab and field experiments (Norum
et al., 2010; Beketov and Liess, 2008; Heckmann and Friberg, 2005; Davies and Cook, 1993;
Sibley et al., 1991). As mentioned above drift activity increased markedly already a few
hours after application of LCH to the streams in the 1 and 10 ng L−1 treatments. This is
consistent to observations of Norum et al. (2010) or Heckmann and Friberg (2005), which
also reported "catastrophic drift"2 of mayflies and other macroinvertebrates shortly after
exposure to LCH. In the further course of the exposure period a decrease of the over night
drift activity and thus a recovery of grazers occurred only in treatment 1 ng L−1, whereas over
night drift remained high in treatment 10 ng L−1 until removal of all animals at t13. However,
it takes approximately 4 weeks for the recovery of grazers in treatment 1 ng L−1, which
is a strong indication of an ongoing chronic negative impact of LCH on grazer behaviour.
Considering the fast dissipation of LCH from the water, the exposure path of grazers to LCH
must have been the the aufwuchs and/or the contact to it, which supports the assumption that
LCH adsorbed to aufwuchs.
It should be noted that drift can be an active process, to avoid certain negative physical,
chemical or biological conditions (Winkelmann et al., 2008; Bohle, 1978), e.g predation,
starvation or intoxication, or a passive process, due to behavioural dysfunction or paralysis.
Unfortunately, the drift data, especially of treatment 1 ng L−1, does not allow a distinction
between toxicity induced passive drift (Norum et al., 2010; Heckmann and Friberg, 2005)
and active drift as kind of avoidance against further intoxication, due to chronic exposure. It
seems likely that the proportion between passive and active drift changed in this treatment
during the exposure period, from passive drift after application (acute toxicity) to an active
drift at later time points (avoidance of chronic exposure). Nevertheless, the over night drift
as sublethal endpoint was remarkably increased by LCH and consequently a NOECDrift of
0.09 µg g−1 OC (treatment 0.1 ng L−1) and a LOECDrift of 1.36 µg g−1 OC (treatment 1 ng L−1)
were estimated for this endpoint.
Further effects were found regarding the growth and the physiological condition of the
grazers. It should be reminded that grazers allocate their energy gained by assimilation to




respiration, somatic growth and reproduction (Schwoerbel and Brendelberger, 2005; Lampert
and Sommer, 1999). Because R. semicolorata do not feed during their adult stages, they
have to gain all energy during the larval stage (Winkelmann and Koop, 2007). A reduced
ingestion i.e. assimilation, caused for example by reduced food quality or quantity (Terbutryn
experiment, chapter 3) or reduced feeding activity, will force grazers to change their energy
allocation pattern, which results in reduced growth and/or reduced energy storages. While
a slight decline of ingestion may only temporarily diminish the stored energy of grazers
(Rybicki et al., 2012), a more intensive decline may even cause a systemic effect on grazer
growth (cf. chapter 3). The comparison of grazers dry weight, growth and triglyceride content
between the treatments, allow conclusions regarding their energy uptake and allocation.
In the batch experiment the growth of grazers was compared using dry weights at the
end of the experiment, which resulted in a NOECGrowth of 0.09 µg g−1 OC and a LOECGrowth
of 0.9 µg g−1 OC. Considering that the mortality increased not significantly in treatment
0.9 µg g−1 OC, the dry weight reduction must be an effect of reduced feeding activity, most
likely due to behavioural changes induced by the neurotoxicity of LCH (Weis et al., 2001).
This is supported by the aufwuchs biomass data of this treatment, which showed a consider-
able increase compared to the control. Similar results were also found in the AIS experiment.
Grazer growth rates calculated for the exposure period clearly show a concentration-response-
relationship with LCH, with the lowest growth rates in treatment 10 and 1 ng L−1. Hence, a
NOECGrowth of 0.09 µg g−1 OC (treatment 0.1 ng L−1) and a LOECGrowth of 1.36 µg g−1 OC
(treatment 1 ng L−1) were estimated for the AIS experiment. Effect concentrations of both
experiments match thereby very good. In both experiments growth inhibition was found
without increase of mortality at concentrations of ca. 1 µg g−1 OC, which is a strong in-
dication of a behavioural change of grazers regarding their feeding activity. This is also
supported by the increased over night drift activity at this concentrations in the AIS, as
discussed above. Similar effects of insecticides on the growth of mayflies, dipterans and
other species are described in the literature (Palmquist et al., 2008; Maul et al., 2008; Relyea,
2004). Furthermore Alexander et al. (2007) described in detail the feeding inhibition induced
by the neurotoxic insecticide Imidacloprid in mayfly larvae and oligochaetes, which supports
the hypothesis of reduced feeding within these experiments. These results are very important,
because they reveal the potential of neurotoxic pesticides to induce behavioural changes in
certain species and in consequence to disturb their development even without an increase of
mortality. The arising ecological consequences of this findings will be addressed in the last
section of the discussion.
A further interesting result regarding the growth is the fact that grazers of treatment
1 ng L−1 in the AIS experiment did not compensate their lower dry weight until the end of
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the experiment. Considering the fast dissipation of LCH from the water and the probably
fast biological, chemical and physical degradation within the aufwuchs (Leistra et al., 2004;
Assessment report lambda-cyhalothrin, 2001; Maund et al., 1998), a recovery of grazers of
this treatment until the end of the experiment by compensatory growth (Hervant and Renault,
2002; Calow, 1975) was expected. However, the lack of recovery could thus be an indication
of: 1th a slower degradation and thus a longer presence of LCH in the aufwuchs; 2nd a slow
metabolism or accumulation of LCH within the grazers, which caused an elongated effect; or
3rd an avoidance behaviour against aufwuchs (food source) as result of negative experience,
as observed for example in feeding experiments of honeybees with different insecticides
(Decourtye et al., 2004). As an ultimate answer can not be given yet, further research is
required to validate the advanced hypotheses, especially regarding the degradation of LCH
in the aufwuchs.
The sublethal endpoint triglyceride content (TG) was analysed at the end of both
experiments. Triglycerides are the major energy storages of mayflies (Winkelmann and Koop,
2007; Koop et al., 2008) and hence very important for their reproductive effort (Rybicki et al.,
2012). The results of both experiments showed a clear concentration-response-relationship
of LCH with the triglyceride content, with the strongest effect in the batch experiment,
where triglyceride contents of treatment 0.9 µg g−1 OC were significantly reduced to 50 %
compared to the control. Thus a NOECTG of 0.09 µg g−1 OC and a respective LOECTG
of 0.9 µg g−1 OC were calculated for the batch experiment, which matches well with the
dry weight results of this experiment. The triglyceride contents of grazers in the AIS
experiment showed similar results, but they were itself considerably bigger than in the batch
experiment. The bigger triglyceride values can be attributed to lower food availability in
the batch experiment compared to the AIS experiment (Aufwuchs biomass as POC at the
end of the experiments: batch experiments - control <0.1 mg C cm−2; AIS experiment -
control >0.2 mg C cm−2) and to different samplings times in the life cycle of R. semicolorata
(mid of April in the batch experiment vs. end of May in the AIS experiment; Cargill et al.,
1984). However, clear effects of LCH were visible in the AIS experiment in treatment
1 ng L−1 (1.36 µg g−1 OC), where grazer triglyceride contents achieved only 70 % of the
values of the control stream, and additionally in treatment 0.1 ng L−1 (0.09 µg g−1 OC), where
grazer triglycerides achieved only 84 % compared to the control. The overall reduction of
triglycerides is apparently smaller than in the batch experiment. But it should be noted
in this context that the experimental duration was double as long compared to the batch
experiment. Hence, considering the possible fast dissipation and degradation of LCH,
the possibility of recovery was much higher in the AIS experiment. Nevertheless, both
experiments support the hypothesis of a LCH induced reduction of grazer feeding activity.
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More astonishing in this context is the triglyceride reduction in the 0.1 ng L−1 treatment,
which was not indicated by the dry weight results. A methodical artefact in this treatment
is thereby rather unlikely, because the determination was performed twice with different
samples with similar results3. Considering the energy allocation within grazers, these result
support the assumption that triglycerides are a sensitive endpoint in ecotoxicology (Rybicki
et al., 2012; Koop et al., 2008). This reduction can be interpreted as a first indication of a
slightly reduced feeding activity or an increased energy demand caused by detoxification
processes (Sokolova et al., 2012), even at this low LCH concentrations. Therefore, finally
a NOECTG of 0.007 µg g−1 OC (treatment 0.01 ng L−1) and a LOECTG of 0.09 µg g−1 OC
(treatment 0.1 ng L−1) were estimated for the AIS experiment.
Summary direct effects of LCH
The null hypothesis of this experiment was that sublethal concentrations of lambda-Cyhalo-
thrin will not affect the grazing performance of R. semicolorata and that the aufwuchs will
not benefit from grazer exposure to LCH. As discussed, concentrations of LCH used in both
experiment were suitable to produce lethal or sublethal effects in R. semicolorata. LCH
concentrations of 9 µg g−1 OC induced total mortality in both experiments, but concentrations
of 0.09 and 0.9 µg g−1 OC induced only sublethal effects like increased drift as well as
reduced growth and reduced triglyceride contents, which indicated a reduced feeding activity
too. Hence, the first part of the null hypothesis was falsified and the alternative hypothesis
that even very low concentrations of lambda-Cyhalothrin are capable to disturb the normal
behaviour and grazing performance of R. semicolorata was supported by the results.
Different studies described that sublethal behavioural changes might cause further
indirect effects in linked species or trophic levels (Relyea and Hoverman, 2006; Fleeger
et al., 2003). Hence, density as well as trait mediated indirect effects are expected for the
aufwuchs development. Density mediated indirect effects on the aufwuchs were expected
at 9 µg g−1 OC, due to the total mortality and the resulting lack of grazing activity. At con-
centrations of 0.09 and 0.9 µg g−1 OC trait mediated indirect effects were expected, because
sublethal LCH effects, probably feeding inhibition, were found. It is thereby important to
notice that density mediated indirect effects can be excluded in all treatments except treat-
ment 9 µg g−1 OC (batch experiment) and 10 ng L−1 (AIS experiment), because in the other
treatments no significantly increased mortality was observed. The indirect effects of LCH on
aufwuchs will be addressed in the following section.
3Data of first analysis not shown, due to methodical problems (Data partially out of Calibration range)
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4.4.4. Effects on aufwuchs
To investigate the expected indirect effects of LCH on aufwuchs, the aufwuchs biomass
was determined at the end of the experiment (batch experiment) or it was monitored over
the entire experimental time (AIS experiment). A concentration-response-relationship of
aufwuchs biomass and LCH was found in both experiments, which was expected from the
LCH impact on grazers.
In the batch experiment indirect effects of LCH on the aufwuchs were found at 0.9 and
9 µg g−1 OC. The statistical evaluation of these effects was difficult, due to unfavourable data
distribution. Hence, only non-parametric methods could be used. However, whereas a signi-
ficant concentration-response-relationship was found, no effect levels could be determined
with post-hoc tests. Nevertheless, effect levels were estimated, because the indirect effects of
LCH were very obvious also without statistical support. As described in the previous section,
no grazers survived in the highest LCH concentration (9 µg g−1 OC) and thus no grazing
of aufwuchs occurred, which resulted in high aufwuchs biomasses. In the second highest
concentration (0.9 µg g−1 OC) nearly all grazers survived, but a clear decrease of aufwuchs
biomass due to grazing was only found in two of four replicates, which is also the reason for
the unfavourable data distribution. A possible reason for the variation within this treatment
is the illumination of the beakers during the experiment. As discussed above LCH has a low
photostability. Because the experiment was carried out in a laboratory hood, where each
row of beakers was a replicate, the beakers in the front row were more illuminated than the
backmost ones. It seems therefore reasonable that LCH degraded faster in the front beakers
compared to the backmost ones, which resulted finally in a higher grazing activity in the front
beakers. In treatment 0.09 µg g−1 OC all grazers survived too, but aufwuchs biomass was
strongly reduced in all replicates. Therefore, it seems that treatment 0.9 µg g−1 OC matches
well the sublethal concentration range of LCH, which resulted in increased variation, due
to the differing degradation time of LCH. However, based on this clear observations, a
NOECAufwuchs of 0.09 µg g−1 OC and a LOECAufwuchs of 0.9 µg g−1 OC were estimated.
In the AIS experiment the comparison between the different treatments was complic-
ated by the reduced start biomass of treatment 1 ng L−1, which developed a lower aufwuchs
biomass during the pre-application period compared to the other treatments. The reason
for this reduced aufwuchs growth is still not clear, but at least a nutrient limitation can be
excluded, as discussed in a former section. However, the start biomass of the aufwuchs at
the beginning of the exposure period is an important value for the further aufwuchs devel-
opment. An optimal aufwuchs growth in the AIS complies to an logistic function with a
lag phase, an exponential phase, a deceleration phase and finally a stable equilibrium phase
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as for instance shown by Brust et al. (2001). At the start of the exposure period (t0), the
aufwuchs was in the exponential growth phase and each AIS had an unique aufwuchs growth
rate, which resulted in the respective biomasses at this time point. A reduced biomass,
like in treatment 1 ng L−1, is an indication of a reduced aufwuchs growth rate during the
pre-application period. Considering now that grazers would consume the aufwuchs with a
certain equal consumption rate in all AIS, a reduced aufwuchs growth rate would strongly
influence the further development of aufwuchs. While in former experiments the area under
curve (AUC) could be used as a integrative parameter of the aufwuchs development (see
chapter 3 or Rybicki et al., 2012; Licht, 2005; Brust et al., 2001), this was not possible in
this AIS experiment. Therefore, aufwuchs net growth rates were used instead of absolute
aufwuchs biomasses to determine indirect effects of LCH. As expected, due to high mortality
of grazers, a clear density mediated indirect effect of LCH was found in treatment 10 ng L−1,
which showed a clear positive net growth rate of aufwuchs. Considering that this growth
rate was possibly limited by the low SPR concentration, due to the missing or decreased
phosphorus cycle, an even higher growth rate could be possible in this treatment. In treat-
ment 1 and 0.01 ng L−1 a net growth rate of nearly zero was calculated. The remaining
treatments, i.e. the control and treatment 0.1 ng L−1, showed a negative net growth rate,
which was caused by the grazing activity of the R. semicolorata. Effect level estimation out
of this data is very difficult. Firstly, the aufwuchs biomass data of treatment 1 ng L−1 at the
end of the pre-application period indicated a lower aufwuchs growth rate compared to the
control, as discussed above. Secondly, the data indicate that treatment 0.01 ng L−1 had a
higher aufwuchs growth rate compared to the control and/or a lower consumption rate of
grazers. The latter is thereby rather unlikely, because non of the analysed grazer endpoints
showed any indication of a negative impact on grazers. However, a clear distinction of an
trait mediated indirect effect of LCH in treatment 1 ng L−1 is, due to the similar growth
rate in treatment 0.01 ng L−1, not possible from this data. Therefore, a NOECAufwuchs for
the indirect effect of LCH of 1.36 µg g−1 OC (treatment 1 ng L−1) and a LOECAufwuchs of
7.73 µg g−1 OC (treatment 10 ng L−1) were estimated. Nevertheless, the question remains if
no trait mediated indirect effect occurred in the AIS experiment or if it was just masked by the
increased unexplained aufwuchs growth in treatment 0.01 ng L−1. As a clear trait mediated
indirect effect was found in the batch experiments, it seems more likely that this effect was
just masked in the AIS experiment rather than being not existent. This is supported by the
sublethal effects of the grazers in the AIS experiment, which strongly indicate a behavioural
change.
As last point the effect strength of the indirect effects should be addressed shortly.
While in the Terbutryn experiment (chapter 3) a differentiation between trait and density
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mediated indirect effects, as performed by Relyea and Hoverman (2006), was difficult,
this was more obvious and easier in the recent experiment. In ecology the strength of
trait mediated indirect effects are supposed to be stronger compared to density mediated
effects. For instance a predators will remove only single organism from a system, whereas
trait changes induced by a predator influences the whole community (Werner and Peacor,
2003). The results of the present experiments indicate a stronger density mediated indirect
effect, as it was determined in both experiments in contrast to the trait mediated indirect
effect. However, it should be considered that the density mediated indirect effect determined,
contains the complete extinction of grazers from the system instead of just an increased
mortality, which would occur due to predators (Werner and Peacor, 2003). Hence, LCH
induced a worst case scenario in the highest concentrations with a maximum density mediated
indirect effect on the aufwuchs. The effect strength of trait mediated indirect effect can never
rise above this level, because a trait change might reduce feeding activity, but it will not
prevent feeding completely. In a case were the mortality is just slightly or not increased
by LCH (sublethal concentrations), again the trait mediated indirect effect should become
more relevant (Relyea and Hoverman, 2006). This is supported by the results of the batch
experiment. Treatment 0.9 µg g−1 OC showed no strongly increased mortality, but a clear
lack of grazing activity (high aufwuchs biomass). Hence, whereas the density mediated
effect was low in this treatment the results clearly indicate the occurrence of a strong trait
mediated indirect effect. However, the effect strength of density and trait mediated indirect
effects is a very interesting and important topic in ecology and ecotoxicology, which cannot
be answered completely here, but the present results may be taken into account for the further
discussion.
In conclusion, the second part of the null hypothesis of these experiments predicted
that aufwuchs will not benefit from grazer exposure to LCH. But both experiments showed
or indicated the occurrence of density and also trait mediated indirect effects on aufwuchs
induced by LCH. Hence, the null hypothesis was clearly falsified, whereas the alternative
hypothesis, which predicted a lambda-Cyhalothrin induced trophic cascade and a positive
indirect effect on the aufwuchs, was supported by the results.
4.4.5. Ecological consequences
Finally the ecological consequences of the detected impacts on community interactions need
to be discussed. Considering the used model insecticide LCH, firstly the exposure situation
in the environment has to be characterised. Literature values for LCH water concentrations
in streams for Europe are scarce, but values of Van Wijngaarden et al. (2004) can be used as
estimations for the pollution of drainage ditches in agricultural used catchments by different
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spray drift emissions (0.2–5 % spray drift). Van Wijngaarden et al. (2004) determined water
concentrations of LCH in a range of 8–270 ng L−1 directly after application, which decreased
quickly due to the fast dissipation of LCH from water to surfaces and organic matter (Leistra
et al., 2004; Assessment report lambda-cyhalothrin, 2001; Farmer et al., 1995). Hence,
as discussed above, the usage of sediment concentrations seems to be more appropriate,
especially considering possible sublethal effects derived from chronic exposure as observed
in the present experiment.
Weston et al. (2004) reported LCH residues in Californian (USA) river sediments
with a maximum of 1.68 µg g−1 OC. Amweg et al. (2006) reported LCH residues of a
maximum of ca. 0.3 µg g−1 OC4 for urban creeks in California and Tennessee (USA).
Furthermore, Weston et al. (2005) detected LCH in high concentrations also in urban river
sediments of California. Unfortunately, no data of LCH residues in German surface waters
or sediments were found. Nevertheless, the reported LCH concentrations, both water and
sediment concentrations, overlap clearly with tested LCH concentrations. To characterise
a risk of pesticides for the environment the Toxicity Exposure Ratio (TER) is used, which
indicates a risk for the environment if it is smaller then 10 (SANCO-3268, 2002). The
uncertainty from extrapolating results from laboratory small scaled experiments or higher
tier studies to ecosystem scale are hereby covered. Using the LCH sediment residues reported
by Weston et al. (2004) as measured environmental concentration (MEC) and the determined
effect levels of the experiments for TER calculation, results in a clear risk of LCH for the
environment, with the lowest TER of 0.004 for the endpoint triglyceride content in the AIS
experiments (Table 4.7). Moreover, it should be noted that every endpoint of grazers as well
as the indirect endpoints resulted in a TER <10, hence, indicating a risk for the environment.
In the following section possible effects of LCH on the environment will be addressed.
The results of both experiments indicate two different aspects of disturbance of LCH to
grazer-aufwuchs-interaction. Similar to the effects of Terbutryn discussed in chapter 3, their
is a short term effect of LCH on the recent grazer generation and there may be also a long
term effect of LCH.
Short term effects of LCH includes firstly the acute and chronic mortality of grazers,
due to LCH exposure. The result of both experiments revealed a clear concentration-response-
relationship of LCH with the mortality. LC10-values of both experiments, as substitute of the
NOEC, matches with predicted (Van Wijngaarden et al., 2004) and measured environmental
concentrations (Amweg et al., 2006; Weston et al., 2004). The respecitve calculated TER-
values for mortality (Table 4.7) indicate a clear risk for the aquatic environment, especially
for grazers. Hence, a negative impact on grazers under the current exposure to LCH in stream
4Original value recalculated with reported sediment carbon content
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Table 4.7.: Toxicity Exposure Ratios for lethal and sublethal endpoints of grazer and for the indirect effect on
the aufwuchs in the batch and AIS experiment. As MEC the residual concentration reported by Weston
et al. (2004) of 1.68 µg g−1 OC was used. As Effect concentrations the LC10 values for the mortality and
NOEC values for the remaining endpoints were used.
Endpoint Batch experiment AIS experiment TERB TERAIS
Effect concentration [µg g−1 OC]
Direct effects on grazers
Mortality 0.95 0.86 0.57 0.51
Drift - 0.09 - 0.05
Growth 0.09 0.09 0.05 0.05
Triglycerides 0.09 0.007 0.05 0.004
Indirect effects on aufwuchs
Growth 0.09 1.36 0.05 0.81
ecosystems is possible. As the performance of benthic grazing depends strongly on a high
grazer density (Anderson et al., 1999; Feminella and Hawkins, 1995), an increased mortality
would directly reduce the performance of benthic grazing with negative consequences for
the ecosystem (Figure 4.20).
The experiments revealed the potential of LCH to induce behavioural changes in
grazers like increased drift and reduced feeding activity. The negative impacts of increased
drift have already been discussed in the previous chapter and contains on the one hand
an increased mortality, due to increased vulnerability to predation (Brittain and Eikeland,
1988) and possibly drift based injuries of grazers. Furthermore, increased drift influences
the spatial distribution of grazers in terms of abundance reductions of grazers (Beketov and
Liess, 2008), which again decrease the effectiveness of the benthic grazing (Figure 4.20).
Although the literature reports the capability of benthic communities to compensate drift
losses by upstream and downstream movement as well as recolonisation by upstream drift
(Svendsen et al., 2004; Williams and Willimas, 1993; Bergey and Ward, 1989; Williams
and Hynes, 1976), theses compensation mechanisms are based on unpolluted stream sites
e.g. upstream reaches, which act as pool for the recolonisation of polluted stream sites
(Schaefer et al., 2007; Liess and Von der Ohe, 2005). Therefore, especially in small streams
with limited buffer capacity regarding upstream recolonisation, a pollution of the stream
with insecticides causes a catastrophic drift event and, hence, a strong alteration of the
spatial distribution of macroinvertebrates (abundance decrease). This could reduce at least
temporally the performance of ecosystem functions like benthic grazing.
The function of benthic grazing is based on the feeding of grazers. Feeding inhibition








Figure 4.20.: Effects of LCH on R. semicolorata and the resulting effects on the grazer-aufwuchs-interaction.
Arrows indicate an increase or an decrease of the respective parameter.
function directly. As different species shows different sensitivities against a certain substance
(Fent, 2003), it seems possible that a reduced feeding of one species could be at least partly
compensated by other less sensitive ones. However, in case of functions that are provided by
key species, e.g. the benthic grazing by R. semicolorata, an inhibition of grazing is likely
to cause a reduced performance of the provided function. As secondary effect of reduced
feeding the growth of grazers was reduced in this study. The performance of benthic grazing
depends on the grazer abundance as well as on the biomass of grazers (Anderson et al., 1999;
Feminella and Hawkins, 1995). Because bigger specimen have a higher incipient limiting
level (ILL), due to their bigger gut volume, their consumption rate is higher compared to
smaller specimen. Hence, given a constant abundance a growth reduction, due to feeding
inhibition, might prevent the achievement of the necessary grazer biomass and therefore a
performance decrease of the benthic grazing. This could be especially important in spring
during the biomass peak of the aufwuchs (Hill et al., 2001; Ibisch et al., 2009; Sumner and
Fisher, 1979). Finally, also a combination of the described sublethal effects, i.e. increased
drift (density mediated effect) as well as reduced feeding and slower growth (trait mediated
effect), is possible, which could amplify the single effects and led to an even stronger effect
on the function of benthic grazing (Figure 4.20).
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Apart from the effects on the current grazer generation, also effects on future gener-
ations seems possible. For the herbicide Terbutryn (see chapter 3) long term effects were
assumed, because a reduction of triglycerides as important physiological marker (Koop et al.,
2011; Renault et al., 2002) was found. Furthermore Rybicki et al. (2012) showed the impacts
of starvation on the triglyceride content and the fecundity of grazers. A similar reduction
of triglycerides was found in both recent experiments as well, which was probably caused
by feeding inhibition induced by sublethal LCH concentrations. It can be assumed that
the impacts of feeding inhibition in these experiments and of starvation in the Terbutryn
experiment are finally similar, because both resulted in a reduced energy uptake of grazers
and a reduction of grazer energy storages. Considering that the systemic effect of starvation
can cause a reduction of grazer fecundity (Rybicki et al., 2012; Cargill et al., 1984), this
can be assumed for the systemic effect of feeding inhibition induced by LCH as well. This
assumption is supported by Palmquist et al. (2008), who found a fecundity reduction due to
sublethal dietary exposure to the related pyrethroide Esfenvalerate in the mayfly Cinygmula
reticulata. Hence, sublethal LCH concentrations can be suspected to reduce the reproductive
effort of grazers.
A further very important point is the the limited recovery time of grazers after exposure
in spring. While in the Terbutryn experiment the effects of starvation could possibly be com-
pensated by compensatory growth after exposure (Hervant and Renault, 2002; Calow, 1975),
the recovery potential of grazers in spring is limited by the emergence time in may (Winkel-
mann and Koop, 2007). Hence, a late exposure of grazers might not be fully compensable by
a recovery period, which increases the probability of a reduced emergence success or lower
size and fecundity after emergence (Rybicki et al., 2012; Palmquist et al., 2008). Considering
the high natural mortality of mayflies during their development, as shown for Ephemerella
major (loss until emergence: 99.4 %, Rosillon, 1986) or Hexagenia limbata (99.8 %, Horst
and Marzolf, 1975), such a reduction of the emergence success and the fecundity could
finally even decrease the population size of the next grazer generation.
To conclude, from the experimental results as well as from the literature a risk for the
environment for insecticide pollution in general and for LCH in particular on the function of
benthic grazing was identified. The results revealed the potentials of LCH to induce increased
mortality, which affected the development of aufwuchs via a density mediated indirect effect.
Furthermore, negative effects on grazers, like increased drift or reduced feeding, have been
found in sublethal concentration ranges without significant increase of mortality, which
significantly affected the aufwuchs development via an trait mediated indirect effect.
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insecticide exposure on the
grazer-aufwuchs-interaction
5.1. Introduction
The experiments performed until know focused on the effect of single exposures of organisms
with either an herbicide or an insecticide. The present experiment will combine the two
approaches in one experiment, as a time shifted exposure of a herbicide and an insecticide
was investigated.
In late summer and in autumn an increased probability of herbicide exposure has been
shown by regular monitoring programs (e.g. FGG-Elbe1). Hence, effects of herbicides could
be expected during this period and must be discriminated in direct effects on aufwuchs and
indirect effects on insect larvae. As larvae of Rhithrogena semicolorata are hatching in late
summer (Elliott et al., 1988), these grazers are potentially at risk by herbicide exposure.
The first AIS experiment (AIST, chapter 3), which simulated these circumstances,
revealed direct effect concentrations of the model herbicide Terbutryn on the aufwuchs
community in form of growth inhibition at 0.38 µg L−1 (LOECAufwuchs). Furthermore, former
experiments showed effects of Terbutryn on aufwuchs composition at lower concentrations
of 0.03 µg L−1 (Rybicki et al., 2012). These direct effects on aufwuchs quantity and quality
have been shown to induce additionally density mediated indirect effects in the grazing
larvae of the mayfly R. semicolorata (chapter 3, Rybicki et al., 2012). In the first AIST
experiment with Terbutryn exposure the drift activity of grazers was the most sensitive
endpoint (LOECDrift = 0.38 µg L−1) followed by grazer dry weight (DW) and triglyceride
contents (TG) (LOECDW + TG = 4.72 µg L−1). Hence, the results from this experiment gave
important information of those concentrations of Terbutryn leading to direct and indirect
effects.
In winter an exposure to pesticides is rather unlikely, due to the lack of agricultural
activity, however, the probability of insecticide exposure increases strongly in spring. The
1Information system of FGG Elbe: Period 2003–2010 - http://www.fgg-elbe.de/elbe-datenportal.
html
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second set of experiments, simulating the spring circumstances, was performed with solely
exposure of the pyrethroid insecticide lambda-Cyhalothrin (LCH). Due to the high lipophili-
city of LCH and the contemporary adsorption to surfaces or organic carbon all derived effect
concentrations of these experiments were related to the organic carbon content of aufwuchs
and not the water concentration. The experiments (batch + AISL) revealed for larvae of
R. semicolorata apart from lethal effects (LC50 (AISL) = 2.42 µg g−1 OC) different sublethal
effects like feeding inhibition, drift or paralysis, which secondarily affected the physiological
conditions of grazers (LOECTG = 0.09 µg g−1 OC, LOECDW + Drift = 1.36 µg g−1 OC, AISL
chapter 4). Moreover, aufwuchs was indirectly affected by LCH. Whereas in the performed
batch experiment a trait mediated indirect effect was found (LOECaufwuchs = 0.9 µg g−1 OC),
in the AISL experiment only the density mediated indirect effect was clearly identified
(LOECaufwuchs = 7.73 µg g−1 OC).
These previous experiments already revealed clear direct and moreover indirect effects
of single substance exposures. The aim of the final experiment was to investigate a combined
time shifted exposure of herbicides and insecticides on the grazer-aufwuchs-interaction
according to exposure patterns in streams within agricultural used catchments.
Contemporary exposure with herbicide and insecticide has been investigated by several
authors previously, although only in lentic mesocosms (Van den Brink et al., 2009; Wendt-
Rasch et al., 2003; Fairchild et al., 1994). Apart from direct and indirect effects of the
single substances as well as effects on top-down and bottom-up regulation mechanisms,
theses studies detected no synergistic effects of the combined exposure. Although, the aim
and scope of mesocosm studies is to investigate the effects of substances in more complex
model ecosystems, the high number of interactions among the different species might mask
single effects of a substance on a specific interaction of two species. The grazer-aufwuchs-
interaction is an important but specific interaction of stream ecosystems as it consists only of
the aufwuchs and a specific grazer, e.g. R. semicolorata. The decreased complexity of this
interaction may be an advantage to detect synergistic effects of pesticides.
In the focus of the present experiments are especially the grazers, as they regulate the
aufwuchs biomass within streams (Anderson et al., 1999; Feminella and Hawkins, 1995;
Gregory, 1983). As shown in former experiments the single substances exert either directly
(insecticide) or indirectly (herbicide) increased stress to grazers. To a certain extent it
seems possible to compare this situation with the ideas of mixture toxicity, as the stress
induced by direct and indirect effects of the substances might be additive for grazers. Of
course, in mixture toxicity the direct toxicity of two or more substances on one organism
are predicted and exposure takes places at the same time. Depending upon the mode of
action of the substances the model of concentration addition (CA, same mode of action),
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independent action (IA, different mode of action) or hybrid models are distinguished (Vighi
et al., 2003; Altenburger et al., 2003). In this study the direct toxic concentration of the
herbicide Terbutryn was not reached, which in fact excludes the direct use of these models.
However, the idea of ’stress’ addition might still be a meaningful model. It is known that
detoxification processes increase the energy demand of organisms (Calow, 1991) and as
a trade-off response organisms allocate energy from secondary processes (Sokolova et al.,
2012; Calow and Forbes, 1998). These processes should reduces the capabilities of the
organisms to cope with further stress, hence, increase their sensitivity. As LCH is also
capable to induce density and trait mediated indirect effects on aufwuchs, as shown in the
last chapter, it seems moreover possible that an increased sensitivity to LCH result also in
stronger indirect effect on the aufwuchs.
The aim of the present experiments was therefore to investigate, if the stress exerted
by the indirect effect of the herbicide (Terbutryn) increases the effect strength of a following
insecticide exposure (LCH) on grazers and if this affects the indirect effect of LCH on the
aufwuchs. Two experiments were performed to test this assumptions: a batch experiment
over a period of 35 days and a AIST+L experiment over a period of 153 days. The batch
experiment was thereby well replicated to allow the statistical quantification of effects. The
AIST+L experiment was more complex and performed over a much longer time span, which
covers a great part of the life cycle of the used grazer R. semicolorata. The respective
hypothesis of the experiments were:
H0: The indirect effect of a previous exposure with the herbicide Terbutryn on the
grazer R. semicolorata will not increase the effect strength of a subsequent
exposure with the insecticide LCH
H1-1: The indirect effects of Terbutryn on R. semicolorata will decrease their cap-
ability to cope with a subsequent LCH exposure, which increases the effect
strength of LCH on grazers
H1-2: The combined exposure will lead to an stronger indirect effect on aufwuchs
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5.2. Methods
To investigate the effects of a time shifted combined exposure of an herbicide followed by an
insecticide on the grazer-aufwuchs-interaction a replicated batch experiment in glass beakers
(35 d) as well as a more complex mesocosm study in artificial indoor streams (AIST+L, 153 d)
were performed. Both experiments consisted of a first exposure period with solely herbicide
exposure and a second exposure period with additional insecticide exposure.
5.2.1. Substances
5.2.1.1. Terbutryn
The herbicide Terbutryn was used as a model herbicide in this experiments. For a detailed
description of the substance see section 3.2.1 (p.22). Direct effects of Terbutryn on aufwuchs
and indirect effects on grazers were detected in former experiments (see chapter 3 page 21
ff.). Based on these results an exposure concentration for Terbutryn of 6 µg L−1 was selected,
to induce at least a density mediated indirect effect in grazers.
5.2.1.2. lambda-Cyhalothrin
The insecticide lambda-Cyhalothrin (LCH) was used as a model insecticide in this experi-
ments. For a detailed description of the substance see section 4.2.1 (p.51). Direct effects of
LCH on grazers and indirect effects on aufwuchs were detected in previous AISL and batch
experiments (see chapter 4 page 49 ff.). Accordingly, LCH water concentrations of 0.8, 4,
20 and 100 ng L−1 were used in the batch experiment and LCH concentrations of 0.1 and
1 ng L−1 in the AIS experiment.
Due to the rapid adsorption of LCH to organic surfaces the load of aufwuchs with LCH
was calculated as well. In contrast to former experiments with LCH, in both experiments
more unintended organic matter in form of aufwuchs or detritus was available as surface for
adsorption of LCH, due to the previous exposure period with Terbutryn. Hence, a correction
especially for detritus was appropriate. Unfortunately, no correction could be made for
the AIS experiments, as the exact amount of detritus could not be determined. Therefore,
Equation 4.2 without correction for detritus was used for the AIST+L experiment to estimate
the aufwuchs load, which will probably slightly overestimate the real aufwuchs load in the
AIS. In contrast, for the batch experiment a correction for detritus was performed. Firstly,
the total amount of organic carbon (Equation 5.1) was calculated. Given the assumption
that LCH adsorb equally to all available carbon, the proportion of aufwuchs carbon to total











LCHloadOCd - load of LCH per mg organic carbon detritus corrected [µg g−1 OC]; cw - nominal water concen-
tration [ng L−1]; Vw - water volume [L]; OCtile - aufwuchs carbon content of the beaker [mg C cm−2]; OCdetritus
- detritus carbon content of the beaker [mg C cm−2]; OCtotal - total carbon content of the beaker [mg C cm−2]
5.2.2. Introduced organism
The used aufwuchs for the AIST+L and the batch experiment was sampled in November and
December 2010 at the Gauernitzbach near Dresden. Used grazers of the species Rhithrogena
semicolorata were taken from the Tännichtgrundbach near Dresden in December 2010 and
January 2011, because grazer abundance at the Gauernitzbach was to low in winter 2010/11.
Sampling, preparation and cultivation of aufwuchs and grazers are described in detail in
section 2.1.1.1 (p.9) and 2.1.2.1 (p.11).
5.2.3. General design and schedule of the experiments
5.2.3.1. 35 d batch experiment
The batch experiment was designed as a two-factorial experiment with the herbicide exposure
as first factor and the insecticide exposure as second factor, with 10 treatments in total and
four replicates per treatment (Figure 5.1). The experiment consisted of three periods; first
a pre-application period with the culturing of the aufwuchs (t-21–t-1); second an exposure
period with solely Terbutryn exposure (t0–7) and finally a second exposure period with LCH
and the remaining residues of Terbutryn (t7–35). The henceforth used treatment names are
structured as following: "X–X". The first digit indicates thereby the nominal concentration
of Terbutryn during the first exposure period (0 - no Terbutryn or 6 µg L−1). The second digit
indicates the nominal concentration of LCH during the second exposure period (0 - no LCH,
0.8, 4, 20 or 100 ng L−1). The control is named "C–C". An overview over all treatments and
respective concentrations of Terbutryn and LCH is given in Table 5.1.
In the pre-application period aufwuchs was cultured on unglazed ceramic tiles (4 x 6 cm)
in separate glass aquaria (35.5 x 23 x 25.5 cm, filled with 10 L modified Borgmann media,
see section 2.2.3) placed in cooling vessel and tempered by a cooling unit (Re306, LAUDA
99
5. Eﬀects of a time shifted herbicide and insecticide exposure
Dr. R. Wobser, Germany) at 8 °C in a greenhouse (Figure 5.2 A). The method of culturing
was slightly modiﬁed compared to former experiments.
Aufwuchs sampling and transfer into the aquaria was performed as described in section
2.1.1.1 (p. 9). During the next 24 hours under shaded conditions, which were reached
by covering the aquaria completely with a black sheet, suspended aufwuchs sedimented
completely on the tiles. In contrast to former experiments the overlaying media was not
removed from in the aquaria. Slight aeration with Pasteur pipettes and an air pump was
established and nutrients (N, Si, P) for aufwuchs growth were added according to Table 5.2.
Strong turbulences in the aquaria were avoided to prevent detachment of aufwuchs. During
the next three weeks the aufwuchs established a stable biomass on the tiles. In contrast to the
former used method, which often resulted in detachment of aufwuchs during the tile transfer,
the new method reduced the detachment of aufwuchs and still provided an undamaged layer
of aufwuchs remaining tight on the tiles.
Figure 5.1.: Schedule of the batch experiment with the diﬀerent periods. t-21 to t-1 pre-application period. t0–7
ﬁrst exposure period with solely Terbutryn. t7–35 second exposure period with LCH and Terbutryn. The grey
arrow in the time line indicate the pre-application period in aquaria for aufwuchs culturing. t-1 preparation




Table 5.1.: Overview of the different treatments in the batch experiment. Terbutryn was applied at t0 and LCH
at t7. To determine the POC content of the aufwuchs at the time point of LCH exposure two separate
treatments (C’ and 6’) were provided. n - number of replicates.
Name Terbutryn [µg L−1] LCH [ng L−1] n
Regular treatments
C–C 0 0 4
0–0.8 0 0.8 4
0–4 0 4 4
0–20 0 20 4
0–100 0 100 4
6–0 6 0 4
6–0.8 6 0.8 4
6–4 6 4 4
6–20 6 20 4
6–100 6 100 4
Separate treatments for POC determination at t7
C’ 0 - 3
6’ 6 - 3
Table 5.2.: Amount and time of nutrient addition to the aquaria for culturing of the aufwuchs during pre-
application period of the batch experiment.
Nutrient Substance Concentration Time of application
Nitrate-N NaNO3 (Merck, 99.5 %) 2 mg L
−1 t-21
Silicate-Si Na2SiO3x5 H2O (Fluka, 97 %) 5 mg L
−1 t-21
Phosphate-P Na2HPO4 (Merck, 99 %) 0.03 mg L
−1 t-21 & t-8
At the end of the pre-application period at t-1 2 L-glass beakers were filled with 1 L of
modified Borgmann media and two aufwuchs covered tiles were transferred to each beaker
(46 beakers in total). The 20 L-glass aquaria were removed from the cooling pond and
replaced by the beakers. The temperature was kept at 8 °C for the following exposure
periods.
The first exposure period started at t0 with the application of 6 µg L−1 Terbutryn
(solved in 0.1 mL of undenaturated ethanol2) or only ethanol for the control treatments to the
2100 %, BDH Prolabo - VWR International
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Figure 5.2.: Pictures of the batch experiment. a) Culturing of tiles during the pre-application period. b)
Experimental set-up during the exposure period. 1) Aquaria for aufwuchs cultivation. 2) Ceramic tiles.
3) Aeration. 4) Exposure vessels (beakers). The entire set-up was arranged in a big water filled glass
aquaria, which was tempered by a cooling unit.
prepared beakers as well as the following transfer of four grazers to each beaker. The start
value of the POC (t0) was determined by 6 additional randomly chosen aufwuchs covered
tiles from the aquaria used for aufwuchs cultivation.
The second exposure period started at t7 with the application of respective amounts
of LCH (0.8, 4, 20, 100 ng L−1) solved in 1 mL undenaturated ethanol or ethanol only for
control treatments. To enable the calculation of LCH loads for this date the POC content
of two separate treatments was determined (C’ and 6’), which were treated equally to the
regular treatments until this date. The batch experiment continued for further 28 days until
t35 when grazers and aufwuchs were sampled.
5.2.3.2. Artificial indoor streams
To investigate the effects of a time shifted combined exposure of Terbutryn and LCH in
a more complex system, a mesocosm study in AIS was performed. Similar to the batch
experiment the AIST+L experiment consisted of three periods, a pre-application period (t-29–
t-1) for the preparation of the streams, the establishment of aufwuchs and the addition of
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Figure 5.3.: Schedule of the AIS experiment with diﬀerent periods. t-29 – t-1 pre-application period. t0–90 ﬁrst
exposure period with Terbutryn; t91–153 second exposure period with additional LCH exposure.
grazers. In the second period (t0–90) the solely exposure to Terbutryn was performed. In the
ﬁnal third period (t91–153) the additional exposure to LCH was performed. Accordingly, ﬁve
diﬀerent treatments were established in the AIS experiment, which naming was based on the
batch experiment with the ﬁrst digit indicating the nominal concentration of Terbutryn and the
second digit indicating the nominal concentration of LCH. The unexposed control treatment
was C–C. The treatment with solely LCH exposure was treatment 0–1. The treatment with
solely Terbutryn exposure and no LCH exposure was treatment 6–0, and the two treatments
with combined exposure, which diﬀers only in the concentration of LCH, were treatments
6–0.1 and 6–1. The exposure schedule with the respective treatments is show in Figure 5.3.
Preparation of AIS
The technical details of the AIS are described in detail in section 2.2.2 (p. 13). As in previous
experiments the AIS were ﬁlled with 500 L of modiﬁed Borgmann media (details see section
2.2.3) and circulated for 24 hours before the start of the pre-application period. Additional
nutrients (N, Si, P) for aufwuchs growth were added according to Table 5.3. Due to strongly
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Table 5.3.: Amount and time of nutrient addition to the AIS during pre-application period of the AIS experiment.
Nutrient Substance Concentration Time of application
Nitrate-N NaNO3 (Merck, 99.5 %) 2 mg L
−1 t-30
Silicate-Si Na2SiO3x5 H2O (Fluka, 97 %) 5 mg L
−1 t-30
Phosphate-P Na2HPO4 (Merck, 99 %) 0.01 mg L
−1 t-29 (first application)
varying phosphate (SRP) concentrations between the AIS during the pre-application period,
the phosphate concentration was additionally adjusted between the AIS at t-27 and t-20. Water
temperature was initially set to 6 °C and was risen during the second exposure period about
1 °C at t90, 104, 118, 132, 141 & 148 up to 12 °C to simulate water temperature increase in the aquatic
environment during spring.
Pre-application period
The pre-application period started at t-29 with the transfer of 120 aufwuchs covered tiles
into each AIS. The previous culturing of the aufwuchs followed the description in section
2.1.1.1 (p. 9). Aufwuchs covered tiles were randomly chosen and carefully transferred into
the AIS, which water flow was stopped for this purpose. Afterwards the water flow was
slowly increased to the final speed of 0.15 m s−1 within 15 minutes. During the next 28 days
the aufwuchs established a stable biomass. Whereas physicochemical characteristics were
monitored weekly during pre-application period, the aufwuchs biomass was determined
at t-21 and t-1. At t-1 also grazers of the species R. semicolorata were added to AIS at an
abundance of 1 grazer per tile. Only healthy and vital animals were randomly chosen and
added to the streams, which water flow was reduced to half speed for this purpose.
First exposure period
The first exposure period started at t0 with the application of Terbutryn, which was applied
once solved in 20 mL undenaturated ethanol (100 %, BDH Prolabo - VWR International) to
achieve a water concentration of 6 µg L−1. Control streams were treated with undenaturated
ethanol only. The different treatments are shown in Figure 5.3. Sampling of aufwuchs and
grazers occurred at t6, 13, 27, 48, 69 & 90 and physicochemical characteristics were determined
weekly.
Second exposure period
The second exposure period started at t91 with the application of LCH into the streams. At
this time 72 tiles remained in each AIS. LCH was applied once solved in 5 mL undenaturated
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ethanol (100 %, BDH Prolabo - VWR International). Control streams were treated with
undenaturated ethanol only. The different treatments are shown in Figure 5.3. Sampling
of aufwuchs and grazers during the second exposure period occurred at t97, 111, 125, 139 & 153.
Physicochemical characteristics were determined weekly. At t153 the experiment was final-
ized and all remaining grazers and 6 tiles per AIS were sampled.
5.2.4. Water analysis
5.2.4.1. Analysis of Terbutryn in the batch and AIST+L experiment
In the batch experiment Terbutryn was only analysed at t0 in the stock solutions as well as
in the water phase to determine the initial Terbutryn concentration. To analyse the stock
solution two subsamples of 0.1 mL were transferred to silanized vessels (1.5 mL, Agilent,
USA), evaporated in a nitrogen stream (N2 5.0, AIR LIQUIDE) and stored in the refrigerator
at 4 °C until analysis. Due to the low volume in the beakers (1 L) a direct analysis of the
water concentration in the treatments was not possible. Therefore two separate beakers were
prepared like the other beakers, with 1 L media and two aufwuchs covered tiles, but only
for analytical purposes. Terbutryn was applied to this beakers and the complete water was
extracted after 10 minutes using solid phase extraction (SPE) as described in section 3.2.4.1
(p.25).
In the AIS experiment Terbutryn was analysed in the water phase at t0 (1 hour after
application) as well as at t27 and t91. The sampling process as well as the extraction of
Terbutryn with SPE was similar to the batch experiments. Furthermore, again subsamples of
the respective stock solutions of 1 mL were taken with the method described for the batch
experiment. The analysis itself was done by Dr. Monika Möder at the Helmholtz Centre for
Environmental Research–UFZ (Divison for Environmental Health, Department Analytical
Chemistry) in Leipzig with the method described in section 3.2.4.1 (p. 25).
5.2.4.2. Analysis of lambda-Cyhalothrin in the AIS and batch experiment
Due to the low LCH concentrations used and the fast adsorption of LCH to organic matter
the analysis of LCH was, similar to the experiment described in chapter 4, very difficult.
Hence, in the batch experiment only the stock solutions of LCH were analysed. 1 mL of each
stock solution was transferred to silanized vessels (1.5 mL, Agilent, USA), evaporated in a
nitrogen stream (N2 5.0, AIR LIQUIDE) and stored in the refrigerator at 4 °C until analysis.
In the AIS experiment water samples of 1 L were taken at t90 10 minutes after ap-
plication of LCH to the water and at t91 & 153. The water samples were extracted using
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SPE-cartridges with the same method as for Terbutryn. Additionally, subsamples of the
respective stock solutions were transferred to silanized vessels (1.5 mL, Agilent, USA).
Evaporation of the solvent was carried out in a nitrogen stream (N2 5.0, AIR LIQUIDE) and
vessels were stored in the refrigerator at 4 °C until analysis. The analysis itself was done by
Dr. Monika Möder (UFZ) as described for the batch experiment.
5.2.4.3. Physicochemical water characteristics
In general the physicochemical water characteristics were determined as in former experi-
ments using a Mulit340i (WTW) with respective probes for conductivity, temperature, pH
and O2-concentration (all WTW). Due to the damage of this device during the experiment, it
was necessary to determine the physicochemical water characteristics partly with different
replacement devices. As replacement device a LF340 (WTW; conductivity & temperature),
a pH3110 (WTW; pH) and a Oxi340i (WTW; oxygen & temperature) were used with the
respective probes of the Multi340i. Due to the malfunction of the Multi340i, the determined
values for the respective parameters differ depending on the used device. Furthermore, due
to varying availability of the replacement devices some irregularities of sampling times and
sizes occurred in the batch experiment.
Nevertheless, in the batch experiment physicochemical water characteristics were
determined at t-1, 0, 7, 28 & 35. At t-1 the physicochemical characteristics of the culturing aquaria
for aufwuchs were determined. At t0 the conductivity and temperature in the respective
beakers after addition of the grazers was determined. At t7 the conductivity, temperature,
pH and O2-concentration was determined representatively for all beakers in the separate
treatments (C’ and 6’, each three beakers). Physicochemical water characteristics were
determined in all beakers at t28 & 35.
In the AIS experiment the physicochemical water characteristics as well as the concen-
trations of soluble reactive phosphorus (SRP), ammonium, nitrate and nitrite were determined
weekly throughout the experiment (details see section 2.3.1, p.15). The concentration of
ammonia was calculated according to Hamm (1991).
5.2.5. Analysis of aufwuchs
The aufwuchs biomass was quantified during the batch experiment using the particulate
organic carbon (POC). Aufwuchs samples were taken at three dates. The first aufwuchs
sample was taken at the end of the pre-application period of the batch experiment (t-1), when
six randomly chosen tiles from the culture aquaria were analysed. At the end of the first
exposure period (t7) the second sampling occurred. 6 beakers of the two separate treatments
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(C’ & 6’) were sampled for POC analysis to get the mean organic carbon contents of the tiles
and the respective detritus contents at this date. The main aufwuchs sampling occurred at
the end of the batch experiment (t35).
In the AIS experiment aufwuchs biomass was quantified using the POC and the chloro-
phyll a content. Sampling of aufwuchs occurred at the sampling dates mentioned in section
5.2.3.2. At t-29 of the AIS experiment 120 aufwuchs covered tiles were introduced into
the two stretches of each AIS. The 60 tiles per stretch were divided into three parts (top,
middle and bottom), each of the same length and with the same number of tiles. To monitor
aufwuchs development at each sampling date one tile per part of a stretch was randomly
selected. Hence, three tiles per stretch and six tiles per AIS were removed and sampled
at each sampling date. During the second exposure period it was sometimes necessary to
increase the number of removed tiles to 12 per stream to remain grazer density stable in spite
of higher sampling sizes of grazers. However, at these dates only six of the 12 randomly
removed tiles were analysed.
5.2.6. Analysis of grazer
First sampling of grazers in the batch experiment occurred at t7 with the sampling of the
grazers of the two separate treatments (C’ & 6’). The main grazer sampling occurred at the
end of the batch experiment at t35.
In the AIS experiment grazer sampling was performed in coincidence with aufwuchs
sampling starting at t6. During the first exposure period t0–90 six grazers were sampled at each
sampling date. During the second exposure period sometimes 12 grazers were sampled at
each sampling date to keep grazer density constant in spite of higher rates of injured grazers.
At the end of the experiment (t153) all remaining grazers were sampled.
Mortality of grazers was calculated at the end of both experiments according to Equa-
tions 2.4 and 2.5 (p.19). The dry weights of grazers were analysed in both experiments. In
the AIS experiments additionally the the over night drift as well as the triglyceride content
and emergence of grazers were analysed (details see section 2.3.3, p.17). Due to the high
numbers of emerged grazers during the AIS experiment, it was possible to determine the
body length of emerged specimen and the fecundity of emerged females. The body length
of the imagines was determined from the front of the head to the end of the abdomen us-
ing a stereo microscope with a digital camera (SMZ1500, Nikon) and respective imaging
software (NIS Elements Ar, ver. 3.22, Nikon). For the fecundity analysis the ovaries of
female mayflies were dissected (in tap water) using a stereo microscope and transferred into
Eppendorf vails. To separate the eggs from the ovaries, the ovary tissue was firstly softly
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torn before transfer into the vails. The transferred ovaries were then sonicated with 3 to
5 pulses from a ultrasonic probe (GW70 + UW70, Bandelin electronic). Eggs were given
onto cellulose-acetate filter (clamped into a filtration unit, diameter 0.45 µm, Satorius) with
additional 30 mL of stamping ink dyed tapwater (Pelikan, Germany; ca 1 droplet ink on
100 mL water). The eggs were homogenized by stirring and the water was removed by
filtration using slight under pressure (-200 mBar). Filters were quickly transferred into Petri
dishes and eggs were counted using the Nikon stereo microscope with digital camera and
respective imaging software.
5.2.7. Statistics
As in previous experiments inductive and deductive statistics were mainly performed with
the software R (R Development Core Team, 2011). For the batch experiment two-factorial
ANOVAs were calculated with contrast analysis based on treatment contrasts, to determine
statistical significant differences between the treatments. In cases where normal distribution
of residuals or homogeneity of variances were not given, a Kruskal-Wallis-test was performed.
To test in this case for differences between treatments, a Mann-Whitney-U-test with corrected
alpha-errors (Bonferroni correction) was performed. Concentration-response-relationships
were calculated with Probit, Logit or Weibull models using ToxRat standard (ver.2.10).
To reveal significant differences in mortality between treatments a Fisher-exact-test with
Holm-Bonferoni correction was calculated.
In the AIS experiment the use of formal statistics was limited, due to missing replic-
ation. However, at least the Terbutryn exposure was replicated, hence, t-test could be used
to compare the Terbutryn treated and untreated treatments during the first exposure period.
Grazer growth rates were calculated using linear regression models. The emergence time50
of grazers (EmT50) was calculated using simple regression models for survival data with cor-
rection for censoring (R package: survival; Crawley (2002)). For all statistical calculations
an alpha level of 0.05 was used.
5.3. Results
5.3.1. 35 d batch experiment
The treatments of the batch experiments are named according to the nominal water con-
centrations of the test substances during the first (t0–6) and second (t7–35) exposure period
(Table 5.1). As in the batch experiment described in chapter 4 the aufwuchs loads with LCH
during the second exposure period were calculated using the nominal water concentration of
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Table 5.4.: Estimated nominal LCH load of aufwuchs in the different treatments of the batch experiment at t7
corrected for detritus. The average OCtotal per beaker was 10.7±1.0 mg in the Terbutryn unexposed and
7.3±0.4 mg in the Terbutryn exposed treatments. Aufwuchs proportion on total carbon (OCtile on OCtotal)
was 79±3 % in Terbutryn unexposed and 61±4 % in Terbutryn exposed treatments. Treatment names
according to Table 5.1.











LCH and the respective POC content of the tiles at t7 with a correction of detritus (Equation
5.2). The resulting nominal LCH aufwuchs loads of the Terbutryn exposed and unexposed
treatments were in the same order of magnitude for the respective LCH concentrations. An
overview is given in Table 5.4.
5.3.1.1. Analysis of the test substances in the batch experiment
Terbutryn
The analysis of Terbutryn in the water of the batch experiment revealed that the intended
concentration of 6 µg L−1 was nearly reached 10 minutes after application. Using the
calculated recovery rate of the extraction method of 87.2 % (see section 3.3.1 p.27), the
average water concentration in the Terbutryn exposed treatments was 4.6±0.4 µg L−1. This
matches well with the results of the analysis of the stock solutions, which revealed a applied
Terbutryn amount of 5.1±0.003 µg per beaker.
lambda-Cyhalothrin
Four different stock solutions were used for the application of LCH in the batch experiment
to reach the nominal concentrations of 0.8, 4, 20 and 100 ng L−1. The nominal concentrations
of the used stock solution were 0.8, 4, 20 and 100 µg L−1, respectively.
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The analysis of the stock solutions revealed 213, 50, 69 and 3 % of the expected
LCH amount in the respective stock solutions, which corresponds to 1.7, 2.0, 13.8 and
3.2 µg L−1. The proportion of detected to expected LCH in the highest concentrated stock
solution was much lower than in the other stock solutions, which indicated an detection error.
Therefore, a second determination of the same samples was performed, in which LCH was
only detected in this stock solution (100 µg L−1) with a concentration of 9.1 µg L−1, which
is higher compared to the first determination but still lower than expected. The fact that
LCH was not detected in the other stock solutions during the second determination, indicates
thereby a degradation of LCH in the samples between the determinations. However, this
result underlines the assumption of a detection error during the first determination, where
3.2 µg L−1 were found in the 100 µg L−1 stock solution. As the LCH concentration of the
other stock solutions matched the expected order of magnitude, it seems plausible that also
the highest concentrated stock solutions achieved the expected LCH concentration.
5.3.1.2. Water characteristics in the batch experiment
During the pre-application period of the batch experiment the physicochemical characteristics
were only determined once at the end in the culturing aquaria (t-1), which resulted in a median
water temperature of 12.2 °C, a median O2-concentration of 10.6 mg L
−1, a median pH-value
of 8.5 and a median conductivity of 445 µS cm−1 (see Table 5.5).
During the first exposure period two determinations of the physicochemical character-
istics were performed (t0 & 7). While at t0 all beakers were measured at t7 only the beakers
of the two separate treatments for the POC determination (C’, 6’) were measured repres-
entatively for all beakers. The median water temperatures during this period were between
9.8 and 9.9 °C with minimum and maximum of 9.7 and 11.2 °C. The median conductiv-
ity was in all beakers 423 µS cm−1. The minimum and maximum conductivities were 421
and 424 µS cm−1, respectively. The median oxygen concentrations were between 10.0 and
10.6 µg L−1 with minimum and maximum values of 9.6 and 10.7 mg L−1. Finally, the median
pH value was equally 8.2 in all beakers with minimum and maximum values of 8.2 and 8.3
(Table 5.5).
During the second exposure period the physicochemical water characteristics were
determined in the last two weeks of the experiment (t28 & 35). Due to malfunction of the
previously used measuring device a replacement device was used for the determination (cf.
Section 5.2.4.3), which resulted in different not comparable values for the conductivity,
whereas the water temperature, O2-concentration and pH values were similar to the first
exposure period. The median water temperatures were between 9.8 and 10.0 °C with
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minimum and maximum values of 9.3 and 10.8 °C. Median oxygen concentrations were
slightly higher between 10.9 and 11.1 mg L−1. The minimum and maximum values were
between 10.5 and 11.3 mg L−1. Median pH values were slightly lower in a range of 7.9
and 8.1 with minimum and maximum values of 7.8 and 8.2. Median conductivities were
only determined at the last day of the experiment and were obviously lower about 293 to
309 µS cm−1. The minimum and maximum values were between 221 and 318 µS cm−1. A
statistical evaluation of the physicochemical water characteristics between the treatments
showed only for the pH value a significant difference.
Table 5.5.: Median (minimum – maximum) of the physicochemical water characteristics during first (t0–7) and second
(t7–35) exposure period of the batch experiment. Treatments pooled in respect to Terbutryn exposure during
1. exposure period. AN - ANOVA, KW - Kruskall-Wallis-test, * only data of t35 (n=4).
Treatment Temp. [°C] O2 [mg L
−1] pH Cond. [µS cm−1] n
1. Exposure period - Terbutryn
t0
0 µg L−1 9.8 (9.7 – 10.4) – – 423 (422 – 424) 23
6 µg L−1 9.9 (9.7 – 11.2) – – 423 (421 – 424) 23
t7
0 µg L−1 10.0 (9.7 – 10.1) 10.6 (10.4 – 10.7) 8.2 (8.2 – 8.3) 419 (419 – 424) 3
6 µg L−1 10.2 (9.9 – 10.3) 10.0 (9.6 – 10.2) 8.2 (8.2 – 8.2) 427 (427 – 430) 3
2. Exposure period - Terbutryn and LCH
t28 & 35
C–C 9.9 (9.3 – 10.3) 11.1 (10.6 – 11.3) 8.1 (8.0 – 8.1) 308 (291 – 313)* 8
0–0.8 9.8 (9.4 – 10.6) 11.0 (10.3 – 11.1) 8.0 (7.8 – 8.1) 294 (221 – 306)* 8
0–4 9.8 (9.4 – 10.6) 10.9 (10.2 – 11.2) 8.1 (8.0 – 8.2) 296 (288 – 299)* 8
0–20 9.9 (9.5 – 10.6) 10.9 (10.3 – 11.1) 8.0 (8.0 – 8.0) 299 (294 – 313)* 8
0–100 9.8 (9.4 – 10.2) 10.9 (10.8 – 11.1) 8.0 (7.9 – 8.0) 295 (287 – 303)* 8
6–0 10.0 (9.7 – 10.3) 11.0 (10.6 – 11.2) 8.0 (7.9 – 8.1) 309 (303 – 312)* 8
6–0.8 9.9 (9.7 – 10.8) 10.9 (10.5 – 11.2) 7.9 (7.8 – 8.1) 293 (250 – 305)* 8
6–4 9.9 (9.7 – 10.5) 10.9 (10.5 – 11.2) 8.0 (7.9 – 8.0) 301 (294 – 309)* 8
6–20 9.8 (9.6 – 10.2) 10.9 (10.5 – 11.2) 8.0 (7.9 – 8.0) 299 (288 – 318)* 8
6–100 9.8 (9.6 – 10.1) 11.0 (10.5 – 11.3) 8.0 (7.9 – 8.0) 301 (294 – 309)* 8
Statistics AN, p=0.36 AN, p=0.79 KW, p<0.001 AN, p=0.30
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5.3.1.3. Development of aufwuchs biomass in the batch experiment
The average aufwuchs biomass on the tiles at the beginning of the first exposure period (t0),
determined as POC, was 0.14±0.01 mg C cm−2.
At the end of the first exposure period (t7) the POC was determined representatively in
the separate treatments C’ and 6’. The average POC in the unexposed treatments (C’) was
with 0.19±0.02 mg C cm−2 significantly higher compared to the Terbutryn exposed treatment
(6’) with 0.10±0.01 mg C cm−2 (Two sample t-test, df=4, t=-3.59, p=0.02). At this date
additionally the amount of detritus in the beakers was analysed, to enable calculation of
corrected aufwuchs loads after LCH exposure (Equation 5.2). The determined POC of the
detritus in the entire beakers were significantly lower in the unexposed treatment C’ with
2.18±0.17 mg C per beaker compared to the Terbutryn treatment 6’ with 2.82±0.14 mg C per
beaker (Two sample t-test, df=4, t=2.96, p=0.04). Hence, the Terbutryn treatments started
with a lower aufwuchs biomass but a higher amount of detritus into the second exposure
period.
The results of the final aufwuchs sampling of the batch experiment (t35) are shown in
Figure 5.4. Briefly, the aufwuchs biomasses showed a significant concentration-response-
relationship with both substances, LCH and Terbutryn, but no significant interaction was
found (ANOVA3, Terbutryn: df=1, F=60.2, p<0.001; LCH: df=4, F=83.9, p<0.001; In-
teraction: df=4, F=1.3, p=0.31). To identify significant differences between the control
(C–C) and the other treatments a simplified one-factorial model was used, which used the
treatment names as factor levels (ANOVA, df=9, F=38.1, p<0.001). The differences between
treatments were analysed with contrast analysis. The detailed aufwuchs results are described
below.
The POC amount of the control (C–C) was 0.05±0.02 mg C cm−2. Terbutryn unex-
posed, but LCH exposed, treatments (0–0.8, 0–4, 0–20, 0–100) showed a concentration-
response to LCH. Treatment 0–0.8 developed a similar aufwuchs biomass as the control with
0.07±0.01 mg C cm−2. Hence, no effect of LCH was found in this treatment. Treatment 0–4,
0–20 and 0–100 showed significant higher aufwuchs biomasses with 0.38±0.04 mg C cm−2
(p<0.001), 0.47±0.04 mg C cm−2 (p<0.001) and 0.39±0.03 mg C cm−2 (p<0.001), respect-
ively. Hence, a clear effect of LCH was found.
All Terbutryn exposed treatments showed in general a lower aufwuchs biomass com-
pared to the unexposed treatments, which indicates an effect of Terbutryn. Aufwuchs biomass
of treatment 6–0 and 6–0.8 were 0.03±0.00 mg C cm−2 and 0.02±0.00 mg C cm−2. As in
treatment 0–0.8 no effect of LCH was found in treatment 6–0.8. However, both treatments











































































Figure 5.4.: Aufwuchs biomass as POC at the end of the batch experiment (t35) [AM±SE]. Treatment names
according to Table 5.1 using the nominal water concentrations of Terbutryn [μg L−1] and LCH [ng L−1].
Colours indicate diﬀerent treatment groups: red/yellow - control & Terbutryn control, grey - treatments
without Terbutryn but with LCH, black - treatments with Terbutryn and LCH. Signiﬁcant diﬀerences from
control (C-C): ** p<0.01, *** p<0.001.
(6–0, 6–0.8) showed an eﬀect of Terbutryn on the aufwuchs biomass, although it was not
statistically signiﬁcant in the direct comparison of the treatments. Treatments 6–4, 6–20 and
6–100 showed signiﬁcantly higher aufwuchs biomasses compared to the control (C-C) of
0.18±0.02 mg C cm−2(p=0.001), 0.22±0.04 mg C cm−2 (p<0.001) and 0.16±0.02 mg C cm−2
(p=0.004), which indicates the LCH eﬀect. Nevertheless, the reached biomasses of these
treatments were all lower compared to the Terbutryn unexposed treatments, which again
indicates an eﬀect of Terbutryn. Hence, these treatments showed eﬀects of both substances.
5.3.1.4. Development of grazers in the batch experiment
Mortality
The mortality of grazers showed a concentration response relationship with the LCH con-
centration with no mortality in the control (C-C) as well as in treatment 0–0.8 and 6–0.8.
Treatment 6–0 showed only a slight mortality of 6.2±6.2 %. A higher mortality was found
in treatment 0–4 and 6–4 with 50±10.2 % and 43.8±18.8, respectively. In the remaining
treatments, namely 0–20, 6–20, 0–100 and 6–100, the mortality was 100±0 % (Figure 5.5
A). The statistical evaluation using a generalized linear model (logit with binomial error
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Figure 5.5.: a) Relative grazer mortality at the end of the batch experiment in the diﬀerent treatments [AM±SE].
*** signiﬁcantly diﬀerent from control (C–C), p<0.001. b) Concentration response relationship for the LCH
loads calculated with a Weibull model. Dotted lines are the 95 % conﬁdence levels. Treatments according
to Table 5.1 and colours according to Figure 5.4.
distribution) with both substances as factors revealed a signiﬁcant eﬀect of LCH, but no
signiﬁcant eﬀect of Terbutryn and the interaction (ANOVA4, Terbutryn: df=1, Chisq=0.001,
p=0.97; LCH: df=4, Chisq=167.632, p<0.001; Interaction: df=4, Chisq=1.782, p=0.78).
A Post-hoc test (Fisher exact test with Holm-Bonferroni-correction) showed signiﬁcantly
increased mortalities in comparison to the control for the treatments 0–4, 6–4, 0–20, 6–20,
0–100 and 6–100 (p≤0.01 in all treatments). As the ANOVA showed no signiﬁcant Terbu-
tryn eﬀect, the data of the Terbutryn exposed and unexposed treatments were pooled for the
calculation of the concentration-response-curve using a Weibull model and the respective
aufwuchs loads. The calculated LC50 for LCH was 0.31 μg g−1 OC [95 % CL: 0.25–0.38]
(Figure 5.5 B).
Dry weight
Dry weights of grazers were monitored as sublethal endpoint at t7 and at the end of the
experiment (t35). At t7 the grazers of the two separate treatments (C’ & 6’) were sampled to
determine the eﬀect of Terbutryn during the ﬁrst exposure period on grazer dry weight. The
analysis revealed a mean dry weight of 1.67±0.12 mg in treatment C’ and 1.55±0.06 mg in
treatment 6’. A performed t-test showed no signiﬁcant diﬀerences between the treatments
(p=0.78).
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Figure 5.6.: Dry weights of grazers in the diﬀerent treatments at the end of the batch experiment [AM±SE].
*** signiﬁcantly diﬀerent from control (C–C), p<0.001. † all grazers dead. Treatment names according to
Table 5.1 and colours according to Figure 5.4.
The results of the ﬁnal dry weight determination at t35 are shown in Figure 5.6. Grazer
dry weights showed a clear concentration-response-relationship. The highest dry weight
was found in the control (C–C) with 3.2±0.1 mg and decreasing dry weights depending on
the LCH and the Terbutryn concentrations were found in the other treatments. Treatments
with combined exposure showed thereby a lower dry weight compared to treatments with
solely LCH exposure. This was also conﬁrmed by the statistical analysis, which revealed a
signiﬁcant impact of Terbutryn, LCH and the interaction on grazer dry weights (ANOVA5,
Terbutryn: df=1, F=96.5, p<0.001; LCH: df=2, F=87.2, p<0.001; Interaction: df=2, F=11.7,
p<0.001).
In detail, treatment 6–0 with solely Terbutryn exposure developed a dry weight
of 1.8±0.2 mg. Treatments 0–0.8 and 6–0.8 developed dry weights of 2.5±0.1 mg and
1.4±0.1 mg, respectively. Treatments 0–4 and 6–4 showed again a decrease of dry weights
an reached only 1.1±0.2 mg and 0.8±0.2 mg, respectively. Due to 100 % mortality no dry
weights could be determined for the remaining treatments (0–20, 6–20, 0–100, 6–100). The
comparison of the single treatments against the control (C–C), using a contrast analysis,
showed a signiﬁcant reduction of dry weights for all treatments.
5Levels for LCH and interaction reduced, due to 100 % mortality at 20 and 100 ng L−1
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5.3.2. Artificial indoor streams (AIS)
Terbutryn and LCH were applied via the water phase in the AIS experiment. The treatments
are therefore named according to the respective water concentrations similar to the batch
experiment, with the first digit indicating the nominal Terbutryn concentration and the second
digit indicating the nominal LCH concentration (Figure 5.3). As in previous experiments
also aufwuchs loads for LCH (LCHloadOC) were calculated according to Equation 4.2 (p.52)
without correction for detritus, using the POC contents of the respective streams at t90 (Table
5.6).
Table 5.6.: Nominal LCH loads in the AIS experiments in the different streams.
Treatment nom. LCH concentration POC at t90 LCHloadOC
[ng L−1] [mg cm−2] [µg g−1 OC]
C–C 0 0.07 ± 0.005 0
6–0 0 0.03 ± 0.001 0
6–0.1 0.1 0.05 ± 0.001 0.66
0–1 1.0 0.06 ± 0.001 5.09
6–1 1.0 0.04 ± 0.001 8.43
5.3.2.1. Analysis of the test substances in the AIS experiment
Terbutryn
In the AIS experiment the same nominal Terbutryn concentration of 6 µg L−1 was aspired in
the three Terbutryn treatments 6–0, 6–0.1 and 6–1. The analysis of Terbutryn in the water
at t0 one hour after application revealed water concentrations of 4.9, 5.5 and 3.7 µg L−1 in
the respective treatments, which fits well with the nominal concentrations. In the unexposed
treatments (C–C & 0–1) only traces below the limit of detection or quantification were found.
The further analyses revealed a continuous dissipation of Terbutryn from the water during
the experiment, which followed a first order kinetic. The mean dissipation time (DT50) of
all three exposed AIS was 78.7 d (r2=0.81). The effective concentrations, calculated as
geometric mean of the three sampling dates, were 3.3 µg L−1 for treatment 6–0, 3.5 µg L−1
for treatment 6–0.1 and 2.9 µg L−1 for treatment 6–1. Further details and the DT50’s of the
single AIS are shown in Table 5.7.
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Table 5.7.: Analysed Terbutryn concentrations in the water phase at t0, 27 & 91 in the different treatments under
consideration of a recovery rate of 87.2%. The control treatment as well as treatment 0–1were only
analysed for Terbutryn at t0 & 91. DT50’s were calculated using a non-linear regression model with a 1. order
dissipation kinetic as reported by Brust et al. (2001). n.c. – not computable.
Sampling date Treatments
C–C 0–1 6–0 6–0.1 6-1
t0 0.002b 0.01a 4.9 5.5 3.7
t27 – – 3.3 3.4 3.2
t91 0.003b 0.01a 2.2 2.3 2.1
DT50 [d] n.c. n.c. 71 66 113
(r2 = 0.94) (r2 = 0.96) (r2 = 0.99)
Effective concen-
tration [µg L−1]
n.c. n.c. 3.3 3.5 2.9
lambda-Cyhalothrin
LCH was finally only analysed in the stock solutions, because the exposure concentrations in
the water were below the limit of detection for the available method used. Two different stock
solutions were used for the application of LCH to the streams, a 100 µg L−1 stock solution
used for all treatments with a nominal concentration of 1 ng L−1 LCH (0–1, 6–1) and a
10 µg L−1 stock solution used for treatment 6–0.1 with a nominal concentration of 0.1 ng L−1
LCH. The analysis revealed LCH concentrations in the stock solutions of 75.4±5.7 µg L−1
and 3.3±1.6 µg L−1, respectively. In contrast to the batch experiment the samples were
duplicated, hence, errors could be estimated. The LCH amount in the latter stock solution
was already below the limit of detection and, hence, unreliable. An overview over nominal,
detected and expected LCH concentrations in the AIS are given in Table 5.8.
Because only the stock solutions were quantified but not the water concentrations
directly, all following calculations of dose-response-relationships as well as deductions of
effect levels will be based on the nominal concentrations, which will overestimate the real
LCH concentrations. Hence, effect levels deduced from nominal concentrations will be more
conservative compared to the analytical concentrations.
abelow calculated Limit of Quantification (LOQ = 30 ng L−1)
bbelow calculated Limit of Quantification (LOQ) and Limit of Detection (LOD = 7 ng L−1)
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Table 5.8.: Nominal and detected concentration of LCH in the stock solutions and the expected concentrations
in the AIS. The limit of quantification and detection for the stock solutions with the performed method was
100 µg L−1 and 30 µg L−1, respectively.
Stock solution nom. LCH det. LCH Treatment exp. LCH in AIS
[µg L−1] [µg L−1] [ng L−1]
1. 100 75.4 ± 5.7 0–1 & 6–1 0.75
2. 10 3.3 ± 1.6 6–0.1 0.03
5.3.2.2. Water characteristics in the AIS experiment
Briefly, the physical characteristics determined during the AIS experiment showed similar
progression in all AIS and no effect of the test substances (Table 5.9). From the determined
chemical characteristics only ammonium and ammonia showed a varying development
between the AIS. Some of the physicochemical characteristics will be depicted separately, as
their progression cannot be characterised well with median, maximum and minimum values.
Due to the malfunction of the measurement device the conductivity and the oxygen data
contain an artificial step after t55, because a replacement device was used upon this time.
The water temperature was set to 6 °C at the beginning of the experiment after transfer
of tiles. Starting at t90 the temperature was risen about 1 °C at respective dates (details see
section 5.2.3.2). The determined water temperatures matches well to this pattern and all
streams showed a similar temperature development with no deviations (Figure 5.7).
The oxygen concentrations were very stable during the entire experiment, but decreased
slightly with increasing water temperatures during the last weeks of the experiment. The
medium oxygen concentrations were between 11.4 and 11.5 mg L−1 with minimum and
maximum values of 10.6 and 12.6 mg L−1. The resulting oxygen saturations were always
>90 %. An effect of the test substances or other deviations between the streams were not
found (Figure 5.8). The increase of the oxygen concentration at t55 about ca. 1 mg L−1 is
an artefact of the replaced oxygen measurement device and no real increase of the oxygen
concentration.
The conductivity showed in all AIS a slight steady increase during the experiment,
but neither an effect of the test substances nor other strong differences between the AIS
were found. Most obvious was the strong step at t55, which was unfortunately caused by the
replaced conductivity device. This increase is therefore only an artefact (Figure 5.9). Due
to the fact that the likelyhood of false data from the broken device was higher, the values of
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Figure 5.7.: Development of water temperature during the AIS experiment. t-29 – t-1 pre-application period; t0–90
ﬁrst exposure period with solely Terbutryn; t91-153 second exposure period with additional LCH exposure.
red - control (C–C), orange - Terbutryn exposed but LCH unexposed. grey - only LCH exposure, black -
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Figure 5.8.: Development of the oxygen concentration during the AIS experiment. t-29 – t-1 pre-application
period; t0–90 ﬁrst exposure period with solely Terbutryn; t91-153 second exposure period with additional LCH
exposure. red - control (C–C), orange - Terbutryn exposed but LCH unexposed. grey - only LCH exposure,
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Figure 5.9.: Development of the conductivity during the AIS experiment. t-29 – t-1 pre-application period; t0–90
ﬁrst exposure period with solely Terbutryn; t91-153 second exposure period with additional LCH exposure.
red - control (C–C), orange - Terbutryn exposed but LCH unexposed. grey - only LCH exposure, black -
Terbutryn and LCH exposure.
from the calculation of median, minimum and maximum values, which resulted in median
conductivities between of 279 to 281 μS cm−1. The minimum and maximum conductivities
were 267 and 333 μS cm−1.
During the ﬁrst week of the experiment the pH value was around 9.0 in all AIS, due to
the addition of Silicate (Na2SiO3x5H2O). During the second week the pH stabilized, due to
the equilibration of the buﬀer system in the media, as observed in former experiments (see
chapter 3 & 4). During the remaining experimental time the pH was very stable with a median
pH of 8.0 in all AIS. Minimum and maximum values determined during the experiment were
pH 7.9 and 9.0.
As chemical characteristics diﬀerent nutrients were monitored throughout the exper-
iment. The ammonium-N concentration showed a similar progression in all AIS, but the
maximum concentrations reached in the AIS diﬀered (Figure 5.10). Until t-8 ammonium-N
increased slightly in all AIS up to 52.4 μg L−1 in treatment 6–0 and decreased afterwards
until t-1. Four weeks after application of Terbutryn (t27) ammonium-N increased again in all
AIS and reached diﬀerent maximum concentration within the next weeks. The highest con-
centration was reached in the control (C–C) at t84 with 243.4 μg L−1. Treatment 6–0.1, 0–1
and 6–0 developed similar high maximums of 128.8, 123.0 and 115.2 μg L−1, respectively.
The lowest ammonium-N concentration was reached in treatment 6–1 with 45.0 μg L−1 at
t62. Until t97 ammonium-N decreased in all AIS rapidly under the limit of quantiﬁcation and
remained low until the end of the experiment.
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Figure 5.10.: Development of ammonium-N concentration during the AIS experiment. t-29 – t-1 pre-application
period; t0–90 ﬁrst exposure period with solely Terbutryn; t91-153 second exposure period with additional LCH
exposure. red - control (C–C), orange - Terbutryn exposed but LCH unexposed. grey - only LCH exposure,
black - Terbutryn and LCH exposure.
Ammonia-N concentrations calculated according to Hamm (1991) showed a similar
pattern as the ammonium-N concentration with an slight increase in the pre-application
period and a stronger increase during the ﬁrst exposure period. The median ammonia-N
concentrations were between 0.12 and 0.33 μg L−1. The highest concentrations were reached
in the ﬁrst exposure period with maximum values of 3.84 μg L−1 in the control (C–C) as well
as 2.01 μg L−1 in treatment 0–1, 1.85 μg L−1 in treatment 6–0 and 6–0.1, and 0.74 μg L−1 in
treatment 6–1. In the second exposure period the ammonia-N concentration remained below
1 μg L−1 in all treatments.
The nitrate-N concentrations decreased in all AIS slowly during the experiment. Me-
dian nitrate-N concentrations were between 3.2 and 3.4 mgL−1 with minimum and maximum
values of 3.1 and 3.8 mgL−1. No strong diﬀerences between the AIS were found. Also
nitrite-N was detected during the experiment, but nitrite-N concentrations were in median
between 0.09 and 0.14 mgL−1, which was below the limit of quantiﬁcation of 0.19 mgL−1.
The minimum and maximum concentrations detected were 0.06 and 0.22 mgL−1. Strong
diﬀerences between the AIS were not found.
Phosphorus was added to the water to set the initial SRP-P concentration to 10 μg L−1
in all AIS. Determinations at t-29 and t-28 revealed strongly increased SRP-P concentrations
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Figure 5.11.: Development of SRP-P concentration during the AIS experiment. t-29 – t-1 pre-application period;
t0–90 ﬁrst exposure period with solely Terbutryn; t91-153 second exposure period with additional LCH
exposure. red - control (C–C), orange - Terbutryn exposed but LCH unexposed. grey - only LCH exposure,
black - Terbutryn and LCH exposure.
were adjusted to the highest concentration at t-27 and after further determination again at
t-20 to ensure similar SRP-P concentrations during the pre-application period (Figure 5.11).
Until t6 the SRP-P concentration decreased in all AIS below the limit of quantiﬁcation
(4 μg L−1). During last weeks of the ﬁrst exposure period the SRP-P concentration increased
again up to 10 μg L−1 in all treatments, but decreased until the end of the ﬁrst exposure
period again below the limit of quantiﬁcation. During the second exposure period the SPR-P
concentration increased again in all AIS slightly above the limit of quantiﬁcation to about
6 μg L−1 at t112 but decreased afterwards again below the limit of quantiﬁcation until the end
of the experiment.
As in the previous AIS experiments the AIS were naturally illuminated during the ex-
periment. The mean daily light intensity showed a season dependent decrease during the end
of December and an increase during the remaining experiment (Figure 5.12). The mean daily
light intensity was 245±17 mEm−2 d−1 in the pre-application period, 383±24 mEm−2 d−1
during the ﬁrst exposure period and 1117±55 mEm−2 d−1 during the second exposure period.
The mean daily light intensity was predicted with a regression model (red line in the ﬁgure)
to estimate values for days at which the radiometer malfunctioned (details of the model see
appendix A).
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Figure 5.12.: Mean daily light intensity in the greenhouse during the experiment [mEm−2 d−1]. grey - pre-
application period; black - 1. exposure period; dark grey - 2. exposure period; dotted line - winter solstice,
red line - predicted mean daily light intensity. The upper axis indicate the date of the experiment.
5.3.2.3. Development of aufwuchs biomass in the AIS experiment
The aufwuchs biomass was monitored throughout the experiment by analysis of the particu-
late organic carbon (POC) and the chlorophyll a content of the aufwuchs at respective dates
(see section 5.2.3.2 p. 102).
During the pre-application period the POC as marker of total aufwuchs biomass in-
creased equally in all treatments and reached at t-1 values of 0.096±0.005 mg C cm−2 in the
control (C-C) as well as 0.086±0.007, 0.106±0.005, 0.098±0.004 and 0.102±0.012 mg C cm−2
in treatments 6–0, 6–0.1, 0–1 and 6–1, respectively. During the period with solely Terbutryn
exposure the POC showed a Terbutryn dependent development. The control (C–C) and treat-
ment 0–1, which were not exposed to Terbutryn, showed a further increase and remarkably
higher POC values until t48. Maximum values reached were of 0.224±0.080 mg C cm−2
(C–C, t48) and 0.170±0.046 mg C cm−2 (0–1, t13). Afterwards, the POC decreased in these
treatments until the end of the ﬁrst exposure period to 0.067±0.012 mg C cm−2 in the control
and 0.061±0.002 mg C cm−2 in treatment 0–1.
In contrast to this, the POC in the Terbutryn treated AIS showed a steady decrease until
the end of the ﬁrst exposure period (t90). POC values at t90 were 0.035±0.003, 0.047±0.003
and 0.037±0.002 mg C cm−2 in treatments 6–0, 6–0.1 and 6–1, respectively. Consequently
the maxima during this period were lower compared to the Terbutryn untreated AIS with
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Figure 5.13.: Development of particulate organic carbon as marker for the aufwuchs biomass during the AIS
experiment in the diﬀerent treatments [AM±SE]. t-29–t-1 pre-application period, t0 – 90 ﬁrst exposure period
with solely Terbutryn, t91 – 153 second exposure period with additional LCH exposure. red - control (C–C),
orange - Terbutryn exposed but LCH unexposed. grey - only LCH exposure, black - Terbutryn and LCH
exposure.











































































AUC - POC second exposure perioda) b)
Figure 5.14.: Area under curve of the POC for for A) the ﬁrst and B) the second exposure period of the AIS
experiment. The integration for the AUC started at t-1 for the ﬁrst period and at t90 for the second period.
The AUC was calculated separately for the two stretches of each stream to enable calculation of error bars.
red - control (C–C), orange - Terbutryn exposed but LCH unexposed. grey - only LCH exposure, black -
Terbutryn and LCH exposure. Bold letters of the treatment names indicate the relevant exposure.
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As in the former Terbutryn experiment (chapter 3 p. 21) the area under curve (AUC)
for the POC was calculated as integrative parameter to compare the different treatments.
The effect of Terbutryn was clearly visible between the unexposed (Figure 5.14 A: red and
grey bars) and the Terbutryn exposed treatments (orange bar and black bars) and also the
statistical comparison revealed a significant effect of Terbutryn on the aufwuchs biomass
(2-sample t-test, df=3, t=5.75, p=0.005).
During the second exposure period with additional LCH exposure the POC increased
in all treatments until the end of the experiment. LCH exposed treatments (6–0.1, 0–1, 6–1)
developed higher POC values of 0.191±0.010, 0.172±0.011 and 0.177±0.016 mg C cm−2
until the end of the experiment, whereas LCH unexposed ones reached lower values of
0.149±0.010 mg C cm−2 in the control and 0.101±0.009 mg C cm−2 in treatment 6-0. The
calculated AUC for the second exposure period showed no concentration response to LCH
(Figure 5.14 b). However, the AUC still showed an effect of Terbutryn during this period,
because all Terbutryn exposed treatments had an at least slightly lower AUC compared to
the unexposed treatments.
The second aufwuchs parameter determined was the chlorophyll a content. Whereas
the POC is a marker of the entire aufwuchs biomass, chlorophyll a is a marker for the auto-
trohpic components within the aufwuchs community. The development of the chlorophyll
a content during the pre-application period and the first exposure period was similar to
that of the POC (Figure 5.15). Chlorophyll a increased during pre-application period in all
treatments from initially approximately 0.1 µg cm−2 up to 2.52±0.22 µg cm−2 in the control
(C–C) and 1.91±0.22, 2.73±0.31, 2.34±0.29 as well as 2.57±0.47 µg cm−2 in treatments
6–0, 6–0.1, 0–1 and 6–1, respectively.
During first exposure period only unexposed treatments (C–C and 0–1) showed a
further increase of chlorophyll a and reached maximum contents of 5.44±0.85 µg cm−2
(C–C, t27) and 3.33±0.82 µg cm−2 (0–1, t13). Afterwards chlorophyll a decreased in these
treatments until the end of the first exposure period to 0.41±0.15 µg cm−2 in the control and
0.45±0.03 µg cm−2 in treatment 0-1.
The Terbutryn exposed treatments showed a steady decrease of chlorophyll a after
application of Terbutryn until t69 with minimum values of 0.17±0.02 (t69), 0.26±0.03 (t69) and
0.21±0.02 µg cm−2 (t48) in treatments 6–0, 6–0.1 and 6–1, respectively. During the last weeks
of the first exposure period (t69–90) these treatments showed a slight increase of chlorophyll a
and finally reached similar chlorophyll a levels as the unexposed treatments at the end of the
first exposure period, which were 0.35±0.03, 0.80±0.08 and 0.59±0.06 µg cm−2 in treatment
6–0, 6–0.1 and 6–1, respectively.
Similar to the POC the AUC for chlorophyll a during the first exposure period was


























í 0 27 55 84  
Figure 5.15.: Development of chlorophyll a as marker for the autotrohpic part of aufwuchs during the AIS
experiment experiment in the diﬀerent treatments [AM±SE]. t-29–t-1 pre-application period, t0 – 90 ﬁrst
exposure period with Terbutryn, t91 – 153 second exposure period with additional LCH exposure. red - control
(C-C), orange - Terbutryn exposed but LCH unexposed. grey - only LCH exposure, black - Terbutryn and
LCH exposure.
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Figure 5.16.: Area under curve of the chlorophyll a content for a) the ﬁrst and b) the second exposure period of
the AIS experiment. The integration for the AUC started at t-1 for the ﬁrst period and at t90 for the second
period. The AUC was calculated separately for the two stretches of each stream to enable calculation of
error bars. red - control (C–C), orange - Terbutryn exposed but LCH unexposed. grey - only LCH exposure,
black - Terbutryn and LCH exposure. Bold letters of the treatment names indicate the relevant exposure.
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Terbutryn unexposed treatments (C–C and 0–1) developed a significant higher aufwuchs
biomass compared to the exposed treatments (6–0, 6–0.1, 6–1; 2-sample t-test, df=3, t=3.49,
p=0.02).
Chlorophyll a development during the second exposure period differed distinctly to
the development of POC. The chlorophyll a content of aufwuchs in the control (C–C)
and treatments 6–0 and 0–1 increased slightly during this period and reached contents of
0.75±0.02 µg cm−2 in the control as well as 0.86±0.08 and 0.97±0.06 µg cm−2 in treatments
6–0 and 0–1. Treatment 6–0.1 and 6–1, which were exposed to both substances, showed a
much stronger steady increase of chlorophyll a content in aufwuchs up to 2.63±0.19 and
2.77±0.30 µg cm−2 especially during the last weeks of the end of the experiment (t139-153).
The AUC for chlorophyll a was calculated for this period as well and reached 52.3±9.5 in the
control (Figure 5.16 B). Treatments 6–0 reached the lowest AUC of 34.6±0.1 and treatment
0–1 reached an AUC of 40.5±0.4. The treatments with exposure to both substances reached
much higher AUCs of 102.7±9.1 in 6–0.1 and 97.4±2.6 in 6–1.
Due to the differences between POC and chlorophyll a the autotrophic index (AI) was
calculated as quotient of aufwuchs ash free dry weight (AFDW) and chlorophyll a content,
to gain information about the trophic state of the aufwuchs (Eaton, 2005). Because the
AFDW was not directly determined, it was estimated from the POC according to Wetzel and
Likens (2001), who estimated that POC represents 53 % of the AFDW in benthic aufwuchs.
Figure 5.17 showed the development of the AI during the entire experiment. During the
pre-application period the AI decreased steeply to about 80 in all treatments indicating a
autothropic aufwuchs at the start of the first exposure period. During the first exposure
period the AI increased again in all treatments above 200 indicating a shift to heterotrophic
aufwuchs. The AI in Terbutryn exposed treatments (6–0, 6–0.1 and 6–1) increased thereby
earlier compared to the unexposed treatments (C–C, 0–1). During the last weeks of the first
exposure period the AI decreased again in all treatments, but reached values below 200 only
in Terbutryn exposed treatments. During the second exposure period the AI remained in the
control and treatment 0–1 above 200, indicating a heterotrophic aufwuchs. Treatment 6–0
remained below 200 until t125 and stayed afterwards slightly above this level. Treatments
6–0.1 and 6–1 remained the entire second exposure period below 200, hence, indicating a
autotrophic aufwuchs.
To visualise the status of the aufwuchs at the end of the experiment an image of the
tiles as well as of the blank AIS with the remaining detritus is given in Figure 5.18. As visible
from the picture the detritus content was especially in the Terbutryn unexposed treatments
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Figure 5.17.: Autotrophic index as indicator of the trophical state of the aufwuchs calculated for the different
treatments during the AIS experiment [AM±SE]. The green shaded area indicate a autotrophic state of the
aufwuchs, whereas higher values indicate a heterotrophic state. t-29–t-1 pre-application period, t0 – 90 first
exposure period with Terbutryn, t91 – 153 second exposure period with additional LCH exposure. red - control
(C-C), orange - Terbutryn exposed but LCH unexposed. grey - only LCH exposure, black - Terbutryn and
LCH exposure.
Figure 5.18.: Remaining aufwuchs on the tiles as well as remaining detritus in the AIS in the different treatments
at the end of the AIS experiment. Tiles within the treatment are ordered depending on the remaining amount
of aufwuchs.
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5.3.2.4. Development of grazers in the AIS experiment
Mortality
Exposure to the herbicide Terbutryn in the investigated concentrations did not increase
grazer mortality in previous experiments (chapter 3), but the insecticide LCH has potential
to cause high mortality at low concentrations (chapter 4). LCH concentrations used were
therefore in a sublethal concentration range to test for combined effects of Terbutryn and
LCH. The determined mortality in the control (C–C) at the end of the experiment was 21.3 %.
Treatment 6–0, solely treated with Terbutryn, showed the highest mortality of 45.4 %, which
was probably caused by starvation as shown by the dry weight data described in the next
section. Treatments with LCH exposure showed a concentration response to LCH with a
lower mortality in treatment 6–0.1 of 15.7 % and similar mortalities of 34.3 and 36.1 % in
treatments 0–1 and 6–1 (Figure 5.19).
Over night drift
The over night drift activity was determined as a sublethal endpoint of grazers. In the
first week after addition of grazers into the AIS (t-1–6), all treatments showed drift, due to
acclimatisation of grazers as in previous AIS experiments (see chapter 3 and 4). After this
acclimatisation phase the drift activity was lower in all treatments compared to the first week,
hence, the cumulation of drift was started at t6 (Figure 5.20).
During the first exposure period the cumulative drift increased in all treatments. In
the Terbutryn untreated treatments the cumulative drift was 64.3 % in the control (C–C)
and 67.5 % in treatment 0–1. The Terbutryn exposed treatments showed different patterns.
Whereas treatments 6–0.1 and 6–1 showed a higher drift of 202.9 and 222.7 %, treatment
6–0 showed a lower drift of 74.7 %.
The second exposure period started at t91 with the application of LCH. In general
all treatments showed an increased of drift during the second exposure period. A stronger
increase of drift, due to LCH exposure, was visible in treatment 6–1, where drift was
obviously increased during the first 3 weeks (t91-112) after LCH application. Treatment 0–1
showed only a slight increase of drift and treatment 6–0.1 showed no higher drift of grazers
compared to the LCH unexposed treatments (C–C, 6–0) during this time.
In the remaining time of the second exposure period (t112–153) the drift increased in all
treatments. Especially the control as well as treatment 6–0 and 0–1 showed thereby a steep
increase of the cumulative drift. At the end of the second exposure period the cumulative
drift was 759.7 % in the control as well as 947.4, 668.9, 781.1 and 916.0 % in treatments


























Figure 5.19.: Relative grazer mortality at the end of the AIS experiment in the different treatments [AM±SE].
red - control (C-C), orange - Terbutryn exposed but LCH unexposed. grey - only LCH exposure, black -
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Figure 5.20.: Cumulative over night drift of grazers during the first and the second exposure period of the AIS
experiment. Cumulation started at t6. red - control (C-C), orange - Terbutryn exposed but LCH unexposed.
grey - only LCH exposure, black - Terbutryn and LCH exposure.
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Growth and dry weights
The growth of grazers was monitored by regular determination of grazer dry weights during
the AIS experiment (Figure 5.21). Grazers were added to the AIS at the end of the pre-
application period (t-1) and the first determination of grazer dry weights was at t6. Grazer dry
weights were at this date similar in all treatments with 1.23±0.19 mg in the control as well as
0.81±0.10, 0.84±0.13, 1.03±0.16 and 0.86±0.13 mg in treatments 6–0, 6–0.1, 0–1 and 6–1,
respectively. During the first exposure period the Terbutryn unexposed treatments (C–C and
0–1) showed a faster growth compared to the Terbutryn exposed treatments (6–0, 6–0.1, 6–1).
Final dry weights at the end of the first exposure period were therefore higher in the Terbutryn
unexposed treatments with 3.13±0.52 mg in the control as well as 2.71±0.53 mg in treatment
0–1, compared to the Terbutryn exposed ones, which reached 1.35±0.29, 1.73±0.28 and
1.40±0.16 mg in treatments 6–0, 6–0.1 and 6–1, respectively. Calculated growth rates were
27±3 µg d−1 in the control (C–C) and 19±3 µg d−1 in treatment 0–1, which were not exposed
to Terbutryn, and 5±3, 8±3 and 7±3 µg d−1 in the Terbutryn exposed treatments 6–0, 6–0.1
and 6–1, respectively. A comparison of the growth rates of Terbutryn exposed and unexposed
treatments revealed a significant faster growth in the untreated treatments (2-sample t-test,
df=3, t=4.99, p=0.008).
During the second exposure period the development of grazer differed between the
treatments. In the control the dry weights of grazers increased until t111 and decreased
continuously afterwards until the end of the experiment. The final dry weight in the control
was 1.57±0.10 mg. Grazers in treatment 0–1, which were only exposed to LCH, showed
a stagnation of growth during the first weeks after LCH exposure, but dry weights finally
increased up to 4.24±0.82 mg till the end of the experiment. Dry weights of grazers in
treatment 6–0, which were only exposed to Terbutryn, decreased continuously during the
second exposure period, but suddenly increased at the end of the experiment. The latter
seemed to be thereby a sampling artefact caused by a few bigger specimen, which increased
the average final dry weights up to 3.69±0.56 mg. Treatment 6–0.1 and 6–1 were exposed
to both substances. The dry weights of grazers in both treatments remained low during the
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Figure 5.21.: Development of grazer dry weight during first and second exposure period [AM±SE]. red - control
(C-C), orange - Terbutryn exposed but LCH unexposed. grey - only LCH exposure, black - Terbutryn and
LCH exposure.
Triglyceride content
The triglyceride contents of grazers were determined at the end of each exposure period
(t90 & t153) and are shown in Figure 5.22. At the end of the first exposure period (t90) the
Terbutryn unexposed treatments (C–C and 0–1) showed a significantly higher triglyceride
content of 376±42 and 318±40 µMol g−1 DW, respectively, compared to the Terbutryn
exposed treatments (6–0, 6–0.1 and 6–1), which developed only triglyceride contents of
10±7, 70±55 and 155±126 µMol g−1 DW in the respective treatments (2-sample t-test, df=3,
t=4.58, p=0.01).
At the end of the second exposure period triglyceride contents of the control decreased
strongly to 22±9 µMol g−1 DW, probably due to starvation during this period as obvious
from the dry weight data. Treatment 6–0, which was solely exposed to Terbutryn, showed a
an increased triglyceride content of 242±77 µMol g−1 DW at the end of the second exposure
period. As mentioned for the dry weight results, these high values were caused by a few taller
grazers which survived until the end of this period. Treatment 0–1, with solely LCH exposure,
showed the highest triglyceride content of 550±212 µMol g−1 DW. The two double exposed
treatments showed a slight concentration response two LCH. Treatments 6–0.1 showed an
increase of triglycerides up to 250±59 µMol g−1 DW, whereas treatment 6–1 showed a slight
decrease compared to the first determination with 146±78 µMol g−1 DW.
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Figure 5.22.: Grazer triglyceride contents at A) the end of the ﬁrst exposure period (t90) and B) at the end of
the second exposure period (t153) [AM±SE]. red - control (C-C), orange - Terbutryn exposed but LCH
unexposed. grey - only LCH exposure, black - Terbutryn and LCH exposure.
Emergence and fecundity
The relative emergence of grazers at the end of the experiment is shown in Figure 5.23.
In the control (C–C) 9.2±1.8 % of grazers emerged until the end of the experiment. In
treatment 6–0, which was solely exposed to Terbutryn, no grazers emerged until the end
of the experiment, whereas treatment 0–1, which was only exposed to LCH, showed the
highest emergence of 21.3±2.8 %. In treatments 6–0.1 and 6–1 grazers emerged in the
same frequency of 12.1±1.0 % until the end of the experiment. The time of emergence was
used to calculate a Emergence Time50 (EmT50) using a survival model with correction of
censoring (Crawley, 2002), which was necessary due to the ﬁxed end of the experiment (t153).
A Weibull-Distribution was assumed and ﬁtted on the emergence events, hence, the scale
of the Weibull-Distribution was used as estimator of the EmT50. The model revealed an
EmT50 of 169.3±1.1 d in the control. Treatments 6–0.1, 0–1 and 6–1 showed similar EmT50s
of 156.6±1.0, 156.9±1.0 and 155.4±1.0 d, respectively (Table 5.10). For treatment 6–0 no
EmT50 could be estimated, as no emergence occurred.
The sex ration of emerged grazers was determined for all treatments except 6–0 (Table
5.10). The proportion of emerged males was 50 % in the control (C–C) and similar in
treatment 0–1 and 6–0.1 with 47.8 and 53.8 %, respectively. Treatment 6–1 showed a
reduced proportion of males of 30.8 %.
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Body length of emerged imagines was determined as well, but showed no strong
differences between the treatments (Table 5.10). Imagos of the control had the lowest body
length with 9.8±0.3 mm. Treatment 6-0.1, 0-1 and 6-1 had body lengths of 10.3±0.3,
11.0±0.3 and 11.3±0.3 mm, respectively.
Finally, the number of eggs per female was determined as estimator of fecundity (Table
5.10). Female imagines of the control showed the lowest egg number of 191±88. Females in
treatment 0-1 showed an intermediate egg number of 579±106. The highest egg numbers






























Figure 5.23.: Relative emergence of grazers at the end of the experiment calculated from the initial number
of inserted grazers [AM±SE]. The relative emergence was calculated separately for the two stretches of
each stream to enable calculation of error bars. red - control (C-C), orange - Terbutryn exposed but LCH
unexposed. grey - only LCH exposure, black - Terbutryn and LCH exposure.
Table 5.10.: Emergence time50, sex ratio, body length of emerged grazers as well as egg numbers of emerged
females in the AIS experiment [AM±SE, n=5]. Treatments are named according to section 5.2.3.2 p. 102.
Parameter Treatements
C–C 6–0 6–0.1 0–1 6–1
EmT50 (experimental time) 169.3 ± 1.1 – 156.6 ± 1.0 156.9 ± 1.0 155.4 ± 1.0
Sex ratio [% males] 50 – 53.8 47.8 30.8
Imago body length [mm] 9.8 ± 0.3 – 10.3 ± 0.3 11.0 ± 0.3 11.3 ± 0.3
Egg number per female 191 ± 88 – 957 ± 140 579 ± 106 1799 ± 110
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5.4. Discussion
In chapter 3 and 4 the effects of single exposures of a herbicide and an insecticide on
the grazer-aufwuchs-interaction were investigated. In the recent chapter the combined
time shifted exposure of a herbicide (Terbutryn) and an insecticide (LCH) was carried out
to investigate effects on interactions between grazer and aufwuchs. Two experiments, a
batch experiment and an artificial indoor stream experiment (AIST+L), were performed to
investigate, whether the effect strength of LCH exposure in spring increase, if previously
in late autumn or winter a Terbutryn exposure has taken place. Both experiments consisted
therefore of two exposure periods. In the first exposure period, where in both experiments
a Terbutryn concentration of 6 µg L−1 was used, the aufwuchs was supposed to be reduced
in quantity and possibly in quality to induce density mediated indirect effects in grazers as
observed in previous experiments (see chapter 3 or Rybicki et al., 2012; Brust et al., 2001).
In the second exposure period different LCH concentrations were applied in the respective
experiments, which were supposed to induce direct lethal and sublethal effects in grazers, to
test if the indirect effects caused by Terbutryn increased the effect strength of LCH.
Briefly, in both experiments the exposure with Terbutryn caused a significant reduction
of aufwuchs growth compared to control treatments, which was very likely to cause dens-
ity mediated indirect effects in grazers. The following exposure with LCH caused in both
experiments direct effects in grazers like increased mortality, reduced growth or increased
drift. Effects of the combined exposure of Terbutryn and LCH were also found in both ex-
periments, although in different kinds. An increase of grazer mortality, due to the combined
exposure, was not observed in both experiments. However, in the batch experiment the dry
weights of grazers showed a significant effect of both substances as well as a significant
interaction, indicating an increase of the LCH effect by Terbutryn. In the AIST+L experiment
the interpretation of results was more complex, due to different unintended processes like
starvation, shifts in the aufwuchs quality between treatments and trophic feedbacks. Never-
theless, a clear effect of the combined exposure on the grazing performance was found in
this experiment.
5.4.1. Characterisation of Terbutryn exposure and fate
Terbutryn was applied via the water phase in both experiments in a nominal concentration
of 6 µg L−1, which was reached well in both experiments 10 minutes (batch) or 1 hour
(AIST+L) after application. Deviations from the nominal water concentrations were similar
in both experiments. The analysis of the Terbutryn stock solution in the batch experiment
136
5.4. Discussion
revealed a equal deviation of approximately 1 µg from the nominal concentration, hence,
indicating a systematic loss of Terbutryn during preparation of stock solutions. Nevertheless,
the achieved Terbutryn concentration matched well with the effect concentrations derived
from the first AIST experiment with Terbutryn (chapter 3). Hence, direct effects of Terbutryn
on aufwuchs were expected.
In the AIST+L experiment the concentration of Terbutryn was traced over the remaining
experimental time, which revealed a steady dissipation of Terbutryn following a first order
kinetic as described by Brust et al. (2001). The calculated average DT50 of 78.7 d was
higher compared to Brust et al. (2001), but lower compared to the first AIST experiment with
Terbutryn (chapter 3), where a DT50 of 168 d was calculated for the 6 µg L−1 treatment. In the
latter the reduced aufwuchs biomass, which performs the biodegradation of Terbutryn, was
suspected to cause the slower dissipation. This hypothesis is supported by the present results
as the start biomass at t0 in this AIST+L experiment was twice as high and the respective
DT50 only half as long in this experiment compared to chapter 3. Other factors influencing
the dissipation of Terbutryn like pH (hydrolysis) or illumination (photolysis) were similar in
both AIS experiments and, hence, were rather unlikely to cause the difference in the DT50.
In the batch experiment the fate of Terbutryn was not traced. However, the first ex-
posure period with solely Terbutryn exposure lasted only 7 days in the batch experiment.
Considering the dissipation reported from previous microcosm experiments of 17.8 days
(Rybicki et al., 2012) the dissipation was limited to far less than 50 % in this period. This
is an important difference to the AIST+L experiment, where approximately 37 % Terbu-
tryn remained as residues, and might result in a stronger effect of Terbutryn in the batch
experiment.
5.4.2. Characterisation of LCH exposure and fate
LCH was applied via the water phase in both experiments in different concentrations de-
pending on the water/surface ratio in the respective test vessels (AIS or beakers). In the
batch experiment a broader concentration range was tested, to cover lethal and sublethal
concentrations, whereas the AIS experiment focused on sublethal concentrations of LCH.
Nevertheless, similar aufwuchs loads were aspired in the sublethal concentration range of
both experiments. Similar to previous LCH experiments (chapter 4) the chemical analysis of
LCH was difficult, due to the high lipophilicity and the resulting fast adsorption to surfaces
(He et al., 2008; Assessment report lambda-cyhalothrin, 2001), as well as the extremely low
concentrations used.
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In the batch experiment samples of the stock solutions (nominal concentrations 0.8,
4, 20 and 100 µg L−1) were analysed to determine the applied amount of LCH to the test
vessels. The concentrations of the first three stock solutions were thereby already below
the calculated limit of detection6 and have to be interpreted with caution. Nevertheless,
the analysed concentrations matched the expected order of magnitude and 50 to 213 % of
the expected LCH amount were found. The concentration of the highest stock solution
was above the limit of detection and quantification7, but the first determination revealed
only traces of LCH in this stock solution. This was probably caused by a determination
error. The second determination, which was performed a few weeks later from the same
samples, revealed a higher concentration of LCH in this stock solution. However, the missing
detection of LCH in the other three samples indicated already a strong degradation of LCH in
these samples at the time of the second analysis. Therefore, no exact concentration of LCH
for the highest stock solution could be determined. Nevertheless, as the other three stock
solutions matched the expected order of magnitude, it seems very likely that the highest
concentrated stock solution reached this concentrations as well. This was supported by the
observed concentration-response-relationship of LCH on grazers, which will be discussed
later.
As in the previous AIS experiment with LCH (AISL chapter 4), it was planned to
determine the concentration of LCH in the AIST+L experiment directly in both, the water
phase and the stock solutions. Therefore, LCH was extracted from the water using SPE-
cartridges at t90, 91 & 153. Due to the extremely low concentrations of LCH in the AIS the
extracted amount on the SPE-cartridges underrun the limit of detection of the analytical
method. Hence, finally only the used two stock solutions were analysed. The analysis
revealed that the LCH concentration were reached well in both stock solutions, although the
higher concentrated one (100 µg L−1) was closer to the nominal concentration. However, the
lower concentrated stock solution (10 µg L−1) was again already below the limit of detection,
which might explains the bigger deviations from the intended concentration. However, the
order of magnitude was also matched with this stock solution.
Although LCH could not be detected in the water neither in the AIST+L nor in the
batch experiment, the chemical analysis revealed that LCH was present in the intended
concentrations in the respective stock solutions, which were applied to the respective vessels.
Hence, it can be assumed that LCH water concentrations were approximately achieved in the
batch as well as in the AIST+L experiment. However, as no exact water concentrations could
be determined the nominal water concentrations were used for the calculation of aufwuchs
6LOD: 150 pgµL−1 LCH concentrated in solvent  30 ng L−1 LCH in water
7LOQ: 500 pgµL−1 LCH concentrated in solvent  100 ng L−1 LCH in water
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loads and the respective deduction of effect levels. As discussed in chapter 4, the usage of
the nominal concentrations is a more conservative approach, because the analysis of LCH
indicated that the real effective concentrations were lower than the nominal ones.
Finally, as the LCH concentrations in the water were not quantified, its fate in the
batch and AIST+L experiment remained unclear. In the former experiment with LCH (section
4.4.1) three processes were identified as relevant for the degradation process; the pH (hydro-
lysis), the aufwuchs (biodegradation and hydrolysis) and the illumination in the greenhouse
(photolysis). Because the exposure of the AIS with LCH takes place at the same time of the
year as the former AISL experiment (chapter 4), a similar fate within this experiments can
be expected. This was additionally supported by the fate of Terbutryn in the recent AIST+L
experiment, which was quite similar to the AIST experiment with Terbutryn (chapter 3),
although the dissipation rates were shorter. However, an important difference to the former
AISL experiments was the increased amount of detritus and unintended aufwuchs at the time
of the LCH application, which probably reduced the amount of LCH, which adsorbed to the
aufwuchs on the tiles (Leistra et al., 2004), additionally. In the batch experiment the exact
amount of detritus at time of application of LCH was determined and a correction was per-
formed (Table 5.4). In the AIS no exact determination of detritus and unintended aufwuchs
was possible, hence, the aufwuchs loads were calculated without correction, leading to an
overestimation of the calculated nominal LCH loads in the aufwuchs (Table 5.6). This should
be taken into account in two aspects. At first, for the used nominal concentrations, because
the additional detritus reduced the effective concentrations additionally. And second, for the
comparision of effect levels deduced from this experiment with that of former experiments
or the batch experiment.
5.4.3. Physicochemical characteristics of the water
As in former experiments different physicochemical characteristics were monitored through-
out the experiment to identify effects of the test substances on the water chemistry and
negative impacts on any of the test organisms. As described in the results part, the measuring
device got broken during the experiment and was surrogated by different replacement devices.
To prevent different values for the different characteristics the same probes were used over
the entire experiments. In spite of new calibrations of the probes with the new devices, the
replacement devices determined especially for the conductivity and slightly for the oxygen
concentration diverging data, which could not be corrected retrospectively. Therefore, theses
two characteristics contained some artefacts in terms of artificial steps in their progression at
the time of the device replacement.
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Briefly, despite the damage of the measuring device all monitored physical characterist-
ics showed a similar development in all treatments in both experiments and no concentration
response with the test substances was found. The additionally monitored chemical charac-
teristics in the AIS experiment showed similar patterns compared to previous experiments
and no concentration response to the test substances as well. Subsequently these results will
be discussed in respect to previous experiments with this organisms and this design and,
furthermore, with environmental values to exclude negative effects of any characteristic on
the test organisms.
In the AIS experiment the water temperature was set to 6 °C with a periodic increase
starting at t90 up to 12 °C. Lower temperatures especially during the winter period were not
possible, due to technical reasons as discussed in chapter 3. The aimed temperature pattern
was reached well during the experiment and no deviations between the single streams were
found.
The aimed water temperature in the batch experiment was 8 °C, but the finally reached
median temperature was slightly higher about 9 to 10 °C. The higher temperature was
thereby again caused by limited cooling capabilities of the used cooling unit, although a
more powerful device was used compared to former experiments. However, maximum water
temperatures reached in the beakers (ca. 11 °C) were not much higher than the median water
temperature. Compared to former microcosm experiments with aufwuchs and grazers the
water temperature in the recent batch experiment was held very stable (see chapter 4, Rybicki
et al., 2012).
A comparison of the temperature data of the recent experiments with data of the
Gauernitzbach, where both aufwuchs and the grazers Rhithrogena semicolorata naturally
occur, showed similar temperatures in spring (Avramov, 2007; Winkelmann and Koop, 2007).
Hence, no negative impacts on grazes or aufwuchs were expected from the determined water
temperatures. As in former experiments only very small differences of the water temperatures
between the different treatments were found, therefore, no temperature caused differences in
the development of organisms were expected, too.
As in former experiments (chapter 3 & 4) the circulation of the AIS and the aeration
of the glass beakers in the batch experiment resulted in stable oxygen concentrations, which
exceeded in both experiments at nearly every sampling date the level of 10 mg L−1. The
respective oxygen saturations were always >90 %. Unfortunately, the change of the measur-
ing device caused an artefact in the oxygen data of the AIS experiment at t55 in form of an
increase of ca. 1 mg L−1. However, the determined oxygen data matched well with former
micro and mesocosm experiments (Rybicki et al., 2012; Licht et al., 2004; Brust et al., 2001)
as well as data from the environment (Avramov, 2007; Winkelmann and Koop, 2007). Hence,
no negative impact especially on grazers were expected in both experiments.
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The conductivity was in both experiments primarily influenced by the evaporation
of water from the respective vessels, which was compensated by regular refillings with
deionized water (<10 µS cm−1). Anyhow, the data show in both experiments a step decrease
of the conductivity of about 100 µS cm−1, which is an artefact caused by the described
switch of the conductivity meter. In fact no strong decrease of the conductivity occurred
in the experiments. Subsequently, it was not possible to detect the reason for the strong
deviation between the two devices. Although, different temperature correction factors, the
most obvious reason for the difference, were tried to harmonize the data, no acceptable
accordance was achieved. Therefore, it seem plausible that the values of the broken device
were just not correct, probably due to a malfunction and a resulting wrong calibration. Hence,
the data of the replacement device were accepted as correct values. Nevertheless, at least the
tendency of the data from the broken device can be used in the discussion.
In the batch experiment the conductivity remained stable during the pre-application
period and first exposure period. Considering the development of the conductivity in former
batch experiments (chapter 4), it can be assumed that the conductivity remained also stable
during the second exposure period.
In the AIS the conductivity increased only slightly over the experiment, if the arti-
ficial step at t55 is ignored. This increase was thereby probably caused by the increasing
temperature during the second exposure period, which was not completely corrected by the
temperature correction of the device, or by increasing evaporation during the last weeks
of the experiment. However, the determined values were in both experiments in a range
observed in former mesocosm experiments (Licht et al., 2004; Brust et al., 2001) and much
lower compared to conductivities determined in the Gauernitzbach (Winkelmann et al., 2007;
Winkelmann and Koop, 2007). Hence, no negative impacts on grazers or aufwuchs were
expected.
The pH in the water was buffered by the modified Borgmann media in a neutral to
slightly basic range and showed only minor deviations between the treatments and over time.
The pH values were in the same range compared to former experiments (see chapter 4 and
5, Rybicki et al., 2012) and were similar to values from lower mountain steams from which
the used organisms originated (Avramov, 2007; Winkelmann and Koop, 2007). Hence, no
negative impacts on organisms were expected. However, the pH influences the stability
of LCH, which is stable against hydrolysis up to pH 8 (He et al., 2008). Hence, a slight
hydrolysis of LCH can be expected in both experiments, as discussed in section 4.4.1 for the
AISL experiment.
Additionally to the physical characteristics several chemical characteristics were deter-
mined in the AIST+L experiments. Ammonium is not directly toxic to water organisms but
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develops an pH and temperature dependent equilibrium with ammonia, which is more toxic
(Schwoerbel and Brendelberger, 2005). Furthermore, it is an important nitrogen source for
autotrophic organisms. Ammonium increased in the AIS especially during the first expos-
ure period. The highest concentrations were detected in the control (C–C). Treatment 0–1
which was also not exposed to Terbutryn reached similar concentrations of ammonium as
the Terbutryn exposed treatments 6–0 and 6–0.1 and the lowest concentrations were found
in treatment 6–1. In chapter 4 the detritus and the process of nitrate ammonification were
suspected as source of ammonium. In this experiment the source of ammonium seems to
differ between the treatments. Detritus and ammonification in the deeper anaerobe aufwuchs
layers seem to be the source in treatments with high aufwuchs biomasses (C–C and 0–1). On
the other hand, the aufwuchs biomass in Terbutryn treated treatments (6–0, 6–0.1, 6–1) was
to low to enable the development of anaerobe aufwuchs layers. Hence, the detritus alone
must be the source of the detected ammonium in this treatments.
Anyway, the corresponding ammonia concentration is of interest regarding the toxicity
to organisms. The maximum ammonia concentration in the recent AIST+L experiment was
found in the control with ca. 4 µg L−1. Licht et al. (2004) reported maximum concentrations
of 104 µg L−1 in AIS experiments without negative effects on the used grazer R. semicolorata.
Furthermore, in the Gauernitzbach a maximum concentration of c. 40 µg L−1 was detected
(2004-2005, Hellmann and Winkelmann pers. com.). Therefore, no effects on organisms
survival were expected for the present experiment.
The median nitrate concentration was in all treatments approximately 3.3 mg L−1,
which is in a range of former AIS experiments (see chapter 3 and 5) and below the concen-
trations reported for the Gauernitzbach (12.3±3.3 mg L−1, Winkelmann and Koop, 2007).
Hence, no negative effects on grazer were expected from these concentrations. Nitrate is an
important nitrogen source and can be limiting for aufwuchs growth. As the nitrate concen-
tration was in all AIS at the end of the experiment above 3 mg L−1, no growth limitation of
aufwuchs was expected for the AIST+L experiment.
Nitrite is an intermediate of the processes of nitrate ammonification, ammonium ni-
trification and denitrification and occurs normally only in very low concentrations, due to
the rapid metabolization by respective bacteria (Schwoerbel and Brendelberger, 2005). In
the present experiment nitrite was regularly determined above the limit of detection, but
reached the limit of quantification only in treatment 6–1 with maximum concentrations of
220 µg L−1. This is in a range determined in former AIS experiments (Licht, 2005; Jungmann
et al., 2001a). In the AIS experiment of Jungmann et al. (2001a) Terbutryn was suspected to
disturb the mentioned processes, but the effect occurred only at the highest Terbutryn concen-
tration (600 µg L−1). In the recent AIST+L experiment only one of three Terbutryn treatments
142
5.4. Discussion
developed such high nitrite concentrations. Furthermore, no such effect was observed in
the former AIST experiment (chapter 3). Hence, an Terbutryn effect is rather unlikely. It
seems more likely that natural fluctuations within the aufwuchs community caused such
concentrations and differences between the AIS. This is supported by the experiment of
Licht (2005) in the AIS, who worked with Bisphenol a and determined concentrations up to
290 µg L−1 in one AIS without obvious reasons.
A prediction regarding the toxicity of the determined nitrite concentrations is difficult.
Available effect concentrations for invertebrates differ over a wide range. Whereas for
Daphnia magna a LC50 (48 h) of 48 mg L−1 is reported (Ewell et al., 1986), Ladewig (2004)
suspected concentrations of 290 µg L−1 to be responsible for increasing juvenile mortality
of Gammarus fossarum in former AIS experiments. Furthermore, Ali and Dumont (1995)
determined a LC50 (24 h) of 580 µg L−1 for the shrimp Streptocephalus proboscideus. On the
other hand, field data from Ladewig (2004) showed nitrite concentrations of about 150 µg L−1
in a stream (Lockwitzbach, near Dresden), where R. semicolorata naturally occurs. Although
natural concentrations determined by Ladewig (2004) were lower, no extraordinary mortality
of R. semicolorata was found in the recent AIST+L experiment. Hence, no toxicity is expected
from the determined nitrite concentrations.
The concentration of SRP was regularly determined during the AIST+L experiment
and showed especially during the pre-application period stronger differences between the
respective streams. The increased SRP concentrations in treatments 6–0 and 6–1 were
most likely caused by SRP residues of the former AIS experiment with very high SRP
concentrations. However, the further determinations revealed that the addition of further
phosphate to the other AIS during the pre-application period led to a similar SRP development
in all AIS. A growth inhibition by phosphate limitation during the pre-application period can
be excluded as the SRP concentration was never below 10 µg L−1 in this period. Furthermore,
the increase of SRP at the end of the first exposure period up to about 10 µg L−1 is a strong
indication of a short phosphorus cycle (Schwoerbel and Brendelberger, 2005). The reduction
of aufwuchs biomass by grazers led to the release of SRP, which was not assimilated fast
enough by the remaining aufwuchs biomass. Hence, a total phosphorus limitation during the
two exposure periods is rather unlikely.
Finally, the illumination, which was monitored in the greenhouse throughout the AIS
experiment, need to be discussed. As the batch experiment was performed contemporary in
the same greenhouse, the determined light intensities are also representative for the batch
experiment. As expected the light intensity decreased during the pre-application period and
first exposure period until the winter solstice and increased afterwards. The determined mean
daily light intensities match well with values of the AIST experiment (chapter 3) carried out
143
5. Effects of a time shifted herbicide and insecticide exposure
at the same season. Hence, a similar slow growth of the aufwuchs during pre-application
period and first exposure period was expected. To prevent too low aufwuchs biomasses in the
first exposure period, as happened in the AIST experiment (chapter 3), the pre-application
period was elongated to four weeks in total, which finally worked very well as obvious from
the aufwuchs biomasses.
The mean daily light intensities of the second exposure period were slightly lower
compared to the AISL experiment (chapter 4), which was caused by the earlier finalisation of
the recent AIST+L experiment, but still much higher than light intensities of the former period.
Hence, no light limitation was expected in this period. However, as LCH is sensitive to
photolysis a increased degradation of LCH can be assumed for this period, which additionally
reduce the dissipation time of LCH as already discussed in section 5.4.2 and 4.4.1.
5.4.4. Effects on organisms
The main hypothesis of this experiment aimed on the influence of an herbicide (Terbutryn)
pre-exposure on the effect strength of a subsequent insecticide (LCH) exposure. As the target
organism differ among the different periods depending on the applied substance, the structure
of the discussion was modified compared to former chapters. Whereas the pre-application
period and first exposure period were quite similar to chapter 3, the most interesting part
of both experiments was the second exposure period. Although the experimental design of
the second exposure period was related to the experiment of chapter 4, the start conditions
for the organisms were not equal but dependent on the effects of Terbutryn during the first
exposure period. Therefore, the structure of this section of the discussion is chronological.
5.4.4.1. Pre-application period
The basis of both performed experiment was an equal aufwuchs biomass on the tiles, which
served as food source of the introduced grazers. Results of the POC analysis showed for
both experiments a similar aufwuchs biomass of approximately 0.14 mg C cm−2(batch) and
0.10 mg C cm−2(AIST+L) at the end of the respective pre-application periods. These bio-
masses were double as high compared to the first AIST experiment with Terbutryn(chapter 3),
where aufwuchs biomasses remained low due to light limitation in late autumn. This indicates
a sufficient elongation of the pre-application periods in the recent experiments. Furthermore,
the reached biomasses at the end of the pre-application periods were representative for nat-
ural aufwuchs biomasses in this season, as Winkelmann and Koop (2007) reported similar
aufwuchs biomasses during this season for the Gauernitzbach (0.13–0.27 mg C cm−2)8.
8Recalculated from Ash Free Dry Weights according to the estimation of Wetzel and Likens (2001)
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5.4.4.2. First exposure period - Terbutryn
The aim of the first exposure period was to reduce the quantity and/or the quality of the
aufwuchs, as observed in previous experiments with Terbutryn (chapter 3; Rybicki et al.,
2012), to induce density mediated indirect effects in grazers (Relyea and Hoverman, 2006).
In the batch experiment two separate treatments (C’ and 6’) were analysed represent-
atively as control and Terbutryn exposed treatments. The analysis revealed a significant
reduced aufwuchs biomass in the Terbutryn exposed treatments compared to the unexposed
treatments, but on the other hand, a significantly increased detritus content in the Terbutryn
exposed treatments. The total carbon content per beaker was in the control treatments with
10.7±1 mg obviously higher compared to the Terbutryn treatments with 7.3±0.4 mg. These
results indicate that Terbutryn successfully reduced the growth of aufwuchs during the first
exposure period, leading to a lower aufwuchs quantity. However, the mean proportion of
aufwuchs on the total carbon content of the beaker was 79±3 % in the control and 61±4 % in
the Terbutryn exposed treatments, which indicates a more intensive feeding of grazers on the
available aufwuchs in the Terbutryn exposed treatments. This is an indication of a addition-
ally reduced aufwuchs quality as observed by Rybicki et al. (2012), probably due to a lower
nutritional value of Terbutryn exposed aufwuchs. The dry weight data of grazers of the first
exposure period of the batch experiment confirmed this assumption. Although, no significant
difference between the treatments were found, at least in tendency an effect of Terbutryn can
already be assumed. Nevertheless, the grazers seem to successfully compensate the reduced
aufwuchs quality by increased feeding during this period, as indicated by the higher detritus
contents in the Terbutryn treatments. This is consistent with a study of Calow (1975), who
observed that the feeding rates of two pulmonate snails were inversely correlated with their
absorption efficiency, indicating that they compensate lower food quality with higher feeding
rates. Similar results have also been reported by Gordon (1966) for the polychaete Pectinaria
gouldii in marine sediments. The aim to reduce aufwuchs quantity and quality during the
first exposure period of the batch experiment was therefore clearly achieved.
Similar results have been observed in the AIST+L experiment. The development of the
aufwuchs biomass determined as POC and chlorophyll a was similar to the development in
the first AIST experiment with Terbutryn (chapter 3) and was characterized by the feeding
of the grazers as well as the exposure to Terbutryn. Terbutryn unexposed treatments (C–C,
0–1) showed an increase of aufwuchs biomass until the first half of the period followed
by a decrease during the second half, due to intensive grazing activity of grazers. On the
other hand, Terbutryn exposed treatments (6–0, 6–0.1, 6–1) showed a steady decrease of the
aufwuchs biomass during the entire period, due to the grazing activity of grazers and the
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additional growth inhibition of aufwuchs by Terbutryn. The calculated AUCs for POC and
chlorophyll a showed a significant difference in the achieved aufwuchs biomasses between
exposed and unexposed treatments and confirmed the strong negative effects observed at
6 µg L−1 Terbutryn in former experiments (chapter 3; Rybicki et al., 2012; Brust et al., 2001).
As discussed for the batch experiment, it seems very likely that reduced aufwuchs quality
additionally increased the feeding rate of grazers and, hence, enhanced the negative impact
of Terbutryn.
The determined dry weights and triglyceride contents of grazers were consistent with
the aufwuchs data and showed similar tendencies compared to the first AIST experiment
(chapter 3). Grazers of the unexposed treatments developed significantly higher biomasses
and triglyceride contents compared to grazers of the Terbutryn exposed treatments. Calcu-
lated growth rates were in the unexposed treatments higher compared to the first Terbutryn
experiment, which was probably a result of the higher aufwuchs biomass at the start of the
first exposure period. However, grazer in Terbutryn exposed treatments showed similar low
growth rates as in the first Terbutryn experiment, indicating slight starvation during this
period. This is supported by the determined triglyceride contents. Grazers in Terbutryn
unexposed treatments developed triglyceride contents between 300 and 400 µMol g−1 DW,
which fits well with the triglyceride contents of grazers in the control in the AIST experi-
ment (chapter 3) and in the microcosm experiment of Rybicki et al. (2012). All triglyceride
contents of Terbutryn exposed grazers were much lower and only a few specimen achieved
contents above 100 µMol g−1 DW, which caused the high standard errors of treatment 6–0.1
and 6–1 in Figure 5.22 A. Hence, the energy storage of grazers in these treatments were
strongly affected by indirect effects of Terbutryn, as observed in former experiments (chapter
3; Rybicki et al., 2012).
Whereas growth and triglyceride contents showed a clear indirect effect of Terbutryn,
the drift as sensitive parameter, only increased at the end of the first exposure period in
treatments 6–0.1 and 6–1, but not in treatment 6–0. A possible explanation could be a lower
contact pressure of the water in the drift nets of this AIS or a lower flow velocity of the
water, which lightens the escape of grazers from the drift nets. The latter can be excluded as
several measurements of the flow characteristics were undertaken with flow probes during
preparation of the experiments to establish equal flow conditions in all streams. A different
contact pressure of the water seems to be the most likely explanation. This is supported
by the results of the drift activity of grazers during the acclimatisation phase (t-1 to t6).
Treatment 6–0 showed during this phase already a reduced drift activity compared to all
other treatments, which could be an indication of a reduced contact pressure of the water in
the drift net. However, the occurrence of drift in treatment 6–0 in the second exposure period,
in which grazers were weakened by starvation, indicate that drift regularly occurred in this
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AIS as well. This supports the hypothesis about the reduced contact pressure. Nevertheless,
at least two treatments showed a clear increase of grazer drift, hence, indicating an indirect
effect of Terbutryn on grazers.
In conclusion, the aim to reduce aufwuchs quality and quantity and to induce indirect
effects in grazers during the first exposure period was achieved in both experiments, although
in different ways. In the batch experiment the indirect effects were not significant, which
was caused by the much shorter time of the first exposure period, allowing grazers an
effective compensation of the reduced aufwuchs quality and quantity by increased feeding.
Nevertheless, the aufwuchs biomass was significantly different, which significantly alters the
start conditions between Terbutryn exposed and unexposed treatments and might influence
the effect strength of LCH in the second exposure period. In the AIS experiment the situation
was somehow contrary. The first exposure period led to more pronounced indirect effects of
Terbutryn in grazers, due to the longer duration and the resulting insufficient compensation
of reduced aufwuchs quality and quantity by grazers, which finally led to starvation in the
Terbutryn exposed treatments. However, at the end of the first exposure period the aufwuchs
biomass did not differ strongly between treatments, which was caused by the intensive
feeding of grazers in all treatments.
5.4.4.3. Second exposure period - LCH
The focus of the second exposure period lay on the impact of the Terbutryn pre-exposure
on the effect strength of LCH on grazers. It is firstly important to distinguish the present
experiment from the classical idea of mixture toxicity, which aims on direct mixture effects of
two or more substances on a specific organism or community at the same time. Depending on
the mode of action two different models are discriminated in the literature; the concentration
additivity model (CA), which is based on the assumption that the different chemicals have the
same mode of action within an organism; and the model of independent action (IA), which
is based on the assumption that both substances act independently of each other (Vighi et al.,
2003). Both models assume thereby that the applied test substances affect the respective
test organism directly. In the present experiment the combination of indirect (Terbutryn pre
exposure) and direct (LCH exposure) effects on the grazer R. semicolorata were investigated,
hence, the standard models for mixture toxicity are not applicable for this experimental
design. It should be noted, that in contrast to the first exposure period now the direct effect
of LCH on grazers is in the focus. Hence, the discussion will start with the direct effect on
grazers and continues with the indirect effects on aufwuchs.
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Batch experiment
In the batch experiment the applied LCH concentrations were capable to induce sublethal and
lethal effects in grazers. Although the mortality of grazers showed a significant concentration-
response-relationship with the LCH, no effect of the Terbutryn pre exposure was found for
grazer mortality. The LC50 (0.31 µg g−1 OC [95 % CL: 0.25–0.38]) was therefore calculated
with the combined data set of Terbutryn exposed and unexposed treatments and matched
the concentration range of LC50s observed in former experiments (chapter 4). It should
be considered that the nominal concentrations of LCH were used for the estimation of the
aufwuchs loads, hence, the derived nominal LC50 is probably higher than the effective LC50.
Although no effect of Terbutryn on grazer mortality was found, at least the analysis of
grazer dry weights revealed significant effects of the pre exposure in form of reduced grazer
dry weights in Terbutryn exposed treatments. Furthermore, the analysis revealed a significant
interaction of both chemicals, which indicates a dependence of the single substance effects on
each other. Figure 5.6 (p. 115) shows clearly that the effect of Terbutryn on grazer dry weight
decreased with increasing LCH concentration. As shown in former experiments (section
4.4.3) LCH cause firstly sublethal effects like feeding inhibition or paralysis, followed by
increased mortality. Negative impacts of reduced aufwuchs quality and quantity only induce a
trophic cascade if grazers are able to feed on the polluted aufwuchs. Therefore, the Terbutryn
effect is only relevant at LCH concentrations that cause no or only slight effects e.g. in
the control or the 0.8 ng L−1 treatments. The loss of dry weight in grazers of the 4 ng L−1
LCH treatments indicate a strong inhibition of their feeding. Hence, grazers were not able
to consume the Terbutryn treated aufwuchs, which reduced the Terbutryn effect. The slight
effect visible between treatments 0-4 and 6-4 was therefore most likely the result of reduced
aufwuchs quality during the first exposure period, as indicated by the slight difference of
grazer dry weights at the end of the first exposure period. This hypothesis is also supported
by the aufwuchs biomass data (POC), which showed low biomasses i.e. strong grazing up
to 0.8 ng L−1 LCH, but a significant increased aufwuchs biomass at higher concentrations,
which indicates a reduced or even missing grazing activity of grazers compared to the control.
The statistical analysis of the aufwuchs data revealed significant effects of Terbutryn and
LCH, which matches well with the grazer data. However, no significant interaction of the
LCH and the Terbutryn effect was found, which might be an effect of the missing graduation
of the LCH induced feeding inhibition in grazers. In the 0.8 ng L−1 treatment no inhibition
occurred, but above this concentration total feeding inhibition (4 ng L−1) and increased
mortality of grazers (4, 20 and 100 ng L−1) was observed.
In conclusion the batch experiment showed that both substances had an effect on the
development of R. semicolorata, but the effect of Terbutryn was strongest if no effect of
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LCH occurred and decreased with increasing LCH concentration. An increase of LCH effect
strength due to Terbutryn pre exposure in terms of mortality or feeding inhibition was not
observed, which seemed to be an effect of the short duration of the first exposure period.
Hence, the null hypothesis could not be falsified with the results of the batch experiment.
AIS experiment
The results of the AIS experiment are more complex, because the LCH effects on grazers
are partly masked by unintended edge effects. This hampers the comparison of treatments
with the control and thus the interpretation of the results. Hence, the deduction of effect
levels was not meaningful within this experiment, also due to the uncorrected LCH aufwuchs
loads, which overestimated the real LCH exposure. The discussion will therefore focus on
the explanation of the observed effects, starting with the control treatment (C–C).
The development of grazer biomass in the control over the second exposure period
showed a stagnation of grazer growth until t111 and afterwards a steady decrease, which
strongly indicates starvation within this treatment. This is supported by further determined
grazer parameters. The triglyceride contents, as measure of the physiological condition of
grazers (Koop et al., 2008; Winkelmann and Koop, 2007), showed a dramatic decrease from
the end of the first exposure period (t90) to the end of the second exposure period (t153).
Furthermore, the emergence success of grazers in the control was lower and the calculated
EmT50 was prolonged compared to treatments 0–1, in which grazers were additionally
exposed to LCH.
The analysis of aufwuchs biomass in the control revealed a POC of 0.06 mg C cm−2
at the beginning of the second exposure period, which increased in the further course of the
period, indicating an sufficient food supply for grazers. However, the analysis of aufwuchs
chlorophyll a contents revealed different results, as the chlorophyll a content remained low
in the control during the entire period. The increasing difference between the aufwuchs
POC and the chlorophyll a content is an indication of a heterotrophic aufwuchs. This is
supported by the calculated autotrophic index (AI), which was above 200 during the entire
period, hence, indicating a heterotrophic aufwuchs community (Eaton, 2005). As known
from Rosillon (1988) a diatom rich i.e. autotrophic diet is necessary for the successful
growth of grazers. Although the results of the aufwuchs analysis revealed a sufficient amount
of total aufwuchs biomass the chlorophyll a content and the calculated AI indicated that
the aufwuchs consisted primarily heterotrophic organisms or detritus, which might be not
sufficient for R. semicolorata, hence, causing the observed starvation effects. Especially, the
great amount of accumulated detritus in this treatment (Figure 5.18, p. 129) might negatively
influenced the development of grazers by agglutination of gills with detritus particles or by
adsorption of detritus on aufwuchs, which might reduce its nutritional value for grazers.
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This starvation effect was unintentional and hampers the comparison of the other treat-
ments with the control. However, the occurrence of starvation is in this case not only negative.
It clearly illustrates the extensive grazing performance a population of R. semicolorata can
achieve, if it is not negatively impacted by pesticides.
Apart from the control starvation occurred in treatment 6–0, as well. This treatment
was impacted by Terbutryn during the first exposure period. Hence, it already started with
a reduced aufwuchs biomass and grazers were already indirectly affected by Terbutryn.
Starvation was therefore an expected effect in this treatment. Grazer biomass showed a
steady decrease except the last sampling day of the experiment, which strongly indicates a
starvation effect in this treatment. The strong increase of grazer dry weight at the last day
can thereby be attributed to an unintended sampling bias, caused by some larger specimen,
which were hiding successfully from random sampling during the experiment.
As behavioural response to starvation a steady and strong increase of drift was observed
in this treatment. This is of particular relevance, as this treatment showed no strong drift
during the first exposure period. The strong increase of drift during the second period is
therefore a strong indication of unsuitable living conditions in the AIS (Brittain and Eikeland,
1988; Bohle, 1978; Hildebrand, 1974) and an ongoing weakening of grazers. Due to the
increased drift and also the strong starvation (Rybicki et al., 2012) the mortality increased
in this treatment and reached 45.4 %, which was the highest mortality of all treatments. As
in former experiments injured grazers were preferably sampled throughout the experiment
to keep grazer density constant in the AIS. Unfortunately, this causes the bias, which led to
the artefact in the grazer data at the last sampling day, because the preferred sampling of
injured weak specimen reduced the likelihood of the sampling of healthier larger specimen.
Therefore, the data of the last sampling date are not representative for this treatment, as they
indicate a better physiological condition of grazers as in average present. However, these
results shows that at least some grazers were able to survive the unsuitable conditions in the
AIS. These grazers reached finally even nearly the biomasses of grazers of treatment 0–1.
Nevertheless, these grazers did not achieve the adult stage as no emergence was observed in
this treatment, which underlines the developmental deficit compared to the other treatments.
The starvation effect is also obvious in the aufwuchs data. Aufwuchs biomass de-
velopment in this treatment was similar to the control. The POC increased slightly during
the last weeks of the second exposure period, but remained below the control level. The
chlorophyll a contents remained even low during the entire period. Only the AI indicated a
better quality, as it was prevalently in a autotrophic range, which might explain the recovery
of a few grazers in this treatment. Nevertheless, the Terbutryn induced starvation in the first
exposure period seemed to cause a very strong grazing pressure on the aufwuchs during
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the second exposure period, which prevents the recovery of aufwuchs and finally led to the
heavy starvation of grazers. The observed effects in grazers match thereby with results of
former starvation experiments (Rybicki et al., 2012), where reduced growth and triglyceride
contents as well as reduced emergence success were observed as result of heavy starvation.
Treatment 0–1 was not exposed to Terbutryn but to LCH, hence, representing the
straight LCH effect. The grazer analysis revealed firstly an effect of the LCH application
in form of a slight increase of the drift rate in the first week after application compared to
less or unexposed treatments. However, the increase was not as obvious as in treatment 6–1,
which might be caused by the higher aufwuchs biomass resulting in a lower aufwuchs load
(0–1: 5.09 µg g−1 OC vs. 6–1: 8.43 µg g−1 OC). A clear effect of LCH was also apparent in
the mortality, which was with about 34.3 % relatively high and in the range of treatment 6–1.
The development of grazer dry weights showed an ongoing slight increase until the
end of the experiment, which indicates that no or only slight starvation occurred in this
treatment. The last three sampling days should thereby be interpreted with caution. Apart
from the above described sampling bias, the emergence of grazers from the stream, which
was here the highest of all treatments (21.3±2.8%), strongly influenced the results of the last
3 sampling dates. Especially large grazers emerged from this AIS and were therefore not any
more available for analysis. This led finally also to the low sample size at the last sampling
date and might explain the steep increase of grazer dry weight at this date. The triglyceride
contents were with about 600 µMol g−1 DW the highest of all treatments, too. However, as
the triglyceride contents were determined from the same specimen, these results were also
influenced by the small sample size.
The aufwuchs biomass development was similar compared to the control for all deter-
mined parameters, which was unexpected as no starvation effects of grazers were observed.
The reason for this strongly different development of grazers under obviously similar food
conditions cannot be finally explained. The most likely reasons are firstly the LCH exposure,
which might reduce the grazing pressure on the aufwuchs due to behavioural changes over a
certain time, and secondly a better aufwuchs quality within this treatment, which resulted
from the reduced grazing pressure. Whereas in the control the grazing pressure on the
aufwuchs was strong over the entire period, the grazing was reduced or even stopped in
treatment 0–1, due to the LCH exposure as shown e.g. in the batch experiment. Due to the
low aufwuchs biomass and the resulting intensive grazing it seems possible that in the control
a selection of sessile algal species occurred, which hampered the feeding of grazers. The
importance of this effect, called keystone predation, has been described for natural aufwuchs
communities by several authors (Alvarez and Peckarsky, 2005; Liess and Hillebrand, 2004;
McIntosh et al., 2004; Feminella and Hawkins, 1995). In contrary, a decrease or stop of
151
5. Effects of a time shifted herbicide and insecticide exposure
the grazing activity over a certain time by LCH, may led to a selection of faster growing
species, which were more edible compared to sessile ones (Liess and Hillebrand, 2004).
However, this is only a hypothesis and can not be verified with the present data. Nevertheless,
the strong influence of the food quality on the development of grazers have been already
discussed for the control. Furthermore, as no differences in aufwuchs quantity was observed
only the quality remains as possible reason for the different grazer development.
Finally, the two treatments with combined exposure (6–0.1 & 6–1) have to be discussed.
Whereas treatment 6–1 showed a strong effect of LCH after application in form of a strongly
increased drift activity, no such increase was observed in treatment 6–0.1. The drift of
treatment 6–1 was thereby stronger compared to treatment 0–1, which was treated with
a similar concentration of LCH. The reason for the different strong responses to LCH
was probably the different aufwuchs biomasses in the treatments, which caused a higher
LCH aufwuchs load in treatment 6–1 compared to treatment 0–1, as discussed previously.
Nevertheless, an effect of LCH was detected in both treatments (6–0.1 & 6–1). Grazer dry
weights decreased in both treatments during the first week of the period, which seemed to be
an effect of the neurotoxicity of LCH and the resulting feeding inhibition. In the third week
grazer dry weights of treatment 6–0.1 started to increase indicating a recovery of grazers
during this week, whereas dry weights remained on the same level in treatment 6–1. Until
the next sampling date (t125) again both treatments showed a strong increase of grazer dry
weights, which remained until the end of the experiment. This shift of grazer recovery of
about 1 week may be interpreted as concentration response to LCH, similar to the grazer drift.
Furthermore, this time shift is visible in the determined triglyceride contents of the last day,
because treatment 6–0.1 achieved higher triglyceride contents compared to treatment 6–1.
The mortality indicated this concentration-response of LCH as well, as treatment 6–1 showed
a obviously increased mortality compared to treatment 6–0.1. The former matched thereby
the mortality observed in treatment 0–1. However, both treatments showed a fast recovery
after LCH application and grazers were even able to compensate their developmental deficits
as shown by the high emergence success of both treatments. The analysis of the emerged
adults even revealed a higher fecundity compared to the LHC unexposed treatments (C–C,
0–1) as female imagines showed a clearly higher egg number, especially in treatment 6–1.
Determined egg numbers matches thereby nearly values determined in the control group of
former starvation experiments (Rybicki et al., 2012).
The reason for the fast recovery of grazers from LCH seems to be caused by a recovery
of aufwuchs in this treatments, which obviously prevented starvation during the second
exposure period. The analysis of the aufwuchs biomass of both treatments revealed no
clear concentration response relationship with LCH. The POC showed an increase during
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the entire period and final POC values were in the range of the control and treatment 0–
1. However, the chlorophyll a content of aufwuchs increased equally in both treatments.
In contrast to the other treatments the calculated AI revealed an autotrophic range for the
aufwuchs. Hence, indicating a much better aufwuchs quality, which might strongly affect
the recovery of grazers and their further development. Nevertheless, it should be also noted
that the observed increase of chlorophyll a and AI in these treatments are indications of a
reduced grazing performance of grazers during this period, which can be interpreted as an
effect of the combined exposure of both substances.
To conclude the results of the AIST+L experiment. The aim of this experiment was to
investigate, whether a pre-exposure with Terbutryn influence the effect strength of a following
LCH exposure in a more complex system. In contrast to the batch experiment, which results
were relatively easy understandable, different partly correlated processes influenced the
outcome of the AIST+L experiment. The results show, as in the batch experiment, that a
Terbutryn pre-exposure did not increase the mortality of grazers caused by LCH. Treatment
6–0, which was not exposed to LCH, showed even a higher mortality compared to treatments
6–0.1 and 6–1, due to starvation. Considering the further grazer parameters the combined
exposure even seemed to support the recovery of grazers.
An important aspect to understand theses results are metabolic strategies of organisms
during stress situations. Grazers react to environmental stress like starvation by adjustment
of their metabolic strategy from normal functioning to a compensation strategy during
moderate stress or even to a conservation strategy in case of extreme stress (Sokolova
et al., 2012). In order to maintain their survival they allocate available energy away from
secondary processes like energy storage, reproduction, growth and movement towards the
basal metabolism. In case of toxic stress the organism needs to spend additional energy in
the process of detoxification, which is metabolically costly (Calow, 1991).
Considering the initial situation of grazers during the start of the second exposure
period reveals that Terbutryn exposed grazers (treatments 6–0, 6–0.1 & 6–1) had a lower
physiological condition compared to unexposed grazers (C–C & 0–1). As discussed above,
this was caused by the Terbutryn effect on aufwuchs quality and quantity, which caused
starvation in the respective Terbutryn treatments. The exposure to LCH at the beginning of
the second exposure period was an additional sever stress for grazers as shown in previous
experiments (batch & AISL, chapter 4). Whereas grazers with a average physiological
condition (Terbutryn unexposed grazers; treatment C–C & 0–1) were able to utilize energy
from their energy storages (triglycerides or glycogen; Winkelmann and Koop (2007)) to
compensate the energetic costs of LCH metabolisation, organisms with a low physiological
conditions (treatment 6–0, 6–0.1 & 6–1) had to utilize energy from further sources like
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carbohydrates or even proteins (Renault et al., 2002). Furthermore, starvation is known to
decrease the protein synthesis in organism Bosquet (1976). Considering that metabolisation
of toxicants like LCH is mainly driven by proteins like the cytochrome P450-dependent
monooxygenases (Scott and Wen, 2001), a organism with reduced protein metabolism, e.g.
due to starvation, will need more time to synthesize the necessary proteins for detoxification.
Hence, it is likely that a pre-exposure with Terbutryn and the contemporary reduction of the
physiological condition increased the effect strength of LCH, due to the altered metabolic
strategy of grazers, which increased the recovery time of grazers from LCH.
The next important aspects were the different interactions of grazers and aufwuchs
during LCH exposure and afterwards. A interesting observation was thereby that sever
starvation alone caused a higher mortality (6–0) as a combination of starvation and LCH
exposure (6–0.1 & 6–1). The strongly increased drift in treatment 6–0, which can be
interpreted as an avoidance behaviour of grazers (Brittain and Eikeland, 1988; Bohle, 1978;
Hildebrand, 1974), as well as the low aufwuchs biomass indicated sever starvation in this
treatment. However, as avoidance was prevented within the AIS experiment (drifted grazers
were set back to the AIS) grazers kept on feeding also under this unsuitable conditions, which
might caused a negative energy budget as more energy was spend in foraging as gained from
it. On the other hand, feeding and movement of LCH exposed grazers were temporarily
reduced or inhibited. Probably even their basal metabolism was reduced (Sokolova et al.,
2012). Therefore, it seems possible that LCH exposed grazers consumed in sum less energy
compared to only starving grazers. The increased metabolic energy demand caused by
LCH stress (Calow, 1991) may be lower than the energy used for foraging on very few and
insufficient aufwuchs. This may led finally to a better energy budget of LCH exposed grazers
and encouraged the observed longer survival compared to the starving grazers in treatment
6–0.
Finally, the recovery of the aufwuchs has to be considered. As discussed above grazers
in LCH unexposed treatments (C–C & 6–0) exerted an intensive grazing pressure on the
aufwuchs over the entire experiment, which led to a depletion of autotrophic aufwuchs
properties and probably even led to a shift of the aufwuchs community to less edible spe-
cies. In contrary, feeding of grazers in LCH exposed treatments (0–1, 6–0.1 & 6–1) was
temporarily inhibited, which obviously supported the recovery of the aufwuchs leading
to higher aufwuchs biomasses and/or better aufwuchs quality at the end of the inhibition
phase as indicated by the higher chlorophyll a contents and AI values in these treatments.
Hence, supporting the observed fast recovery of grazers. The observed differences in the
development of LCH exposed grazers (treatment 0–1 vs. 6–0.1 and 6–1) can thereby be
explained by two reasons. First the grazer size at the beginning of the second exposure
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period diﬀered signiﬁcantly (Figure 5.21, p. 133). As discussed in previous chapters the
eﬀectiveness of grazing depends on the abundance and biomass of grazers (Anderson et al.,
1999; Feminella and Hawkins, 1995). The lower incipient limiting level (ILL) of smaller
grazers limit the amount of ingested food, which led to a reduced grazing performance
compared to larger grazers given the same abundance. Therefore, the grazing pressure on
the aufwuchs was higher in treatment 0–1 compared to Terbutryn exposed treatments, which
seemed to aﬀect the recovery of aufwuchs in these treatments. Furthermore, the described
eﬀect of the physiological condition on the recovery time of grazer is likely to aﬀect the
aufwuchs development in these treatments as well.
Figure 5.24 illustrates schematically the estimated development of the grazing per-
formance during the second exposure period involving the described process (physiological
condition and grazer size at the beginning of the second exposure period and LCH).
Figure 5.24.: Estimated grazing performance of R. semicolorate during the second exposure period. Grazing
performance was expected to be higher in C–C and 0–1, due to the larger size of grazers at t90. red - control
(C-C), orange - Terbutryn exposed but LCH unexposed. grey - only LCH exposure, black - Terbutryn and
LCH exposure.
In conclusion, the experiment revealed no direct indications that a pre-exposure with
Terbutryn increase the eﬀect strength of LCH in grazers in terms of mortality, because
eﬀects were masked by the unintended interaction of starvation, feeding inhibition and
aufwuchs recovery, which ﬁnally led to an indirect "positive" eﬀect of LCH on grazer survival.
However, the decreased physiological condition seemed to inﬂuence the metabolisation of
LCH and, hence, the time until grazer recovery. Furthermore, the results clearly indicate an
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effect of the combined exposure on the grazing performance, which was probably caused by
the reduced grazer size at the start of the second exposure period as well as differences in the
metabolisation of LCH in grazers. The null hypothesis of this experiment that the indirect
effect of a previous exposure with the herbicide Terbutryn on the grazer R. semicolorata
will not increase the effect strength of a subsequent exposure with the insecticide LCH was
therefore partly falsified for sublethal effects and the respective alternative hypothesis was
supported. However, increased mortality due to Terbutryn pre-exposure was not observed
in both experiments. The results also support the second alternative hypothesis, which
predicted an increased indirect effect on the aufwuchs, as the treatments with combined
exposure developed finally the highest biomasses in terms of chlorophyll a.
5.4.5. Ecological consequences
In the former experiments of this study the risk of both test substances to the environment
was already calculated. Within this study the combination effect of both substances especially
on grazers was investigated.
Whereas the effects on the organisms level has been already discussed, this section
will focus on the functional effects of the combined exposure. In general, no simple effect
additivity of Terbutryn and LCH in terms of increased mortality was found neither in the batch
nor in the AIS experiment. Nevertheless, a subtle combination effect on the functional level
in terms of a reduced grazing performance has been found. The development of aufwuchs
biomass, especially the chlorophyll a content, within the AIS experiment indicated a reduced
grazing performance of grazers with Terbutryn pre-exposure (treatment 6–0.1 & 6–0). Two
issues have been identified as potential causes for this reduced grazing performance. The
grazer size and the different strong effect of LCH on grazers depending on their physiological
condition.
It seems likely that both processes contributed to the observed reduction of the grazing
performance in the AIS experiment. This is an important result, as it supports the assumed
sensitivity of this function to pesticide exposure via trait mediated direct effects (feeding
inhibition induced by LCH) and density mediated indirect effects (reduction of grazer size
due to Terbutryn induced aufwuchs depletion).
On the other hand, the grazer-aufwuchs-interaction showed a rather strong stability
against biotic (starvation) and abiotic (pesticide) stress, as shown by the observed recovery
of Terbutryn and LCH exposed grazers. The requirement for any recovery was thereby of
course a only sublethal effect of LCH, as any lethal effect would have caused a density
mediated indirect effect on the aufwuchs with the respective benefit for it (chapter 4).
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The basis of the observed stability was at first the compensation mechanisms on the
respective trophic levels i.e. aufwuchs and grazer. The aufwuchs as complex community
with autotrophic and heterotrophic proportions (Allan and Castillo, 2007; Schwoerbel and
Brendelberger, 2005) was only analysed on a simple level as whole community. However,
the results indicate the occurrence of an adaption mechanism within the aufwuchs as result
of high grazing pressure. As discussed above the biomass developments of the control and
treatment 0–1 were similar, but grazers in treatment 0–1 showed in contrast to the control
a further increase of grazer dry weight during the second exposure period, which results
finally in the highest emergence success of all treatments. Differences of aufwuchs quality,
induced by the different grazing pressures between the treatments, were suspected to cause
the different developments of grazers. Such a shift in the community of the primary producer
due to grazing have been often observed in lentic phytoplankton communities (Lampert,
1988; McCauley and Briand, 1979) but also in lotic aufwuchs communities (Alvarez and
Peckarsky, 2005; McIntosh et al., 2004). The review of Feminella and Hawkins (1995)
even revealed that a community shift within the aufwuchs community from one dominant
species to a more grazing-resistant one is a very common effect of grazing in lotic ecosystems
(occurred in 76 % of the analysed studies), hence, supporting the advanced hypothesis.
As further compensation mechanism the fast recovery of the aufwuchs community
has to be mentioned. As indicated by the chlorophyll a contents and the autotrophic index
in treatments 6–0.1 and 6–1 the autotrophic proportions of the aufwuchs showed a quick
recovery within the short period of reduced grazing pressure induced by LCH at the beginning
of the second exposure period. This short time period seemed to be sufficient for aufwuchs
within the AIST+L experiment to increase the autotrophic biomass to a level at which the
suppression of aufwuchs growth by grazing was overcome. Of course, this was dependent on
the exerted grazing pressure on aufwuchs in the respective treatments. The grazing pressure
was reduced in treatment 6–0.1 and 6–1, which resulted in a good aufwuchs recovery, due
to the reduced grazer size and the longer timespan until grazer recovery of LCH. On the
other hand, aufwuchs in treatment 0–1 obviously recovered too, but a shift to a autotrohpic
aufwuchs was here not achieved, due to the more intensive grazing as indicated by the
autotrophic index.
These results underline the adaption potential of the aufwuchs community (shift to less
edible species) as well as its potential to recover. Both processes contributed thereby to the
observed stability of the grazer-aufwuchs-interaction.
Grazers showed compensation mechanism as well. Apart from the discussed strong res-
istance of grazers against sublethal LCH concentration, due to respective metabolic response
to the toxicant (Sokolova et al., 2012), they showed a very fast recovery after the fading
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of the sublethal LCH effects. The observed compensatory growth of grazers was already
identified as important mechanism in chapter 4 and have been described in other studies
as well (Hervant and Renault, 2002; Calow, 1975). The observed compensatory growth of
Terbutryn and LCH exposed grazers (treatments 6–0.1 & 6–1) enabled even the emergence
of grazers and a finally higher fecundity in terms of the pure egg numbers compared to
the control and treatment 0–1, although these grazers showed great developmental deficits
at the beginning of the second exposure period. Hence, the assumed effects of starvation,
due to indirect herbicide effects or feeding inhibition by insecticides, can successfully be
compensated within a few weeks if qualitatively and quantitatively sufficient food (aufwuchs)
is available.
Finally, also the the feedback between the trophic levels contributed to the stability of
the interaction to biotic and abiotic stress. The resistance to abiotic stress (LCH) was shown
by the different feedbacks between LCH, grazer and aufwuchs. The direct negative effect of
LCH on grazers (feeding inhibition) led to a positive trait mediated indirect effect of LCH on
the aufwuchs, which therefore recovered quickly during this time. This increased quantity
and quality of aufwuchs led finally to the described positive feedback from aufwuchs back
to grazers, which on his part enabled the recovery of grazers from LCH exposure.
The resistance to biotic stress, in this experiment to high grazing pressure, was firstly
shown in the shift of the aufwuchs community, which induced a negative feedback to grazer
(reduced quantity and quality). The grazers react to this by an increase of the drift activity,
to avoid over exploitation of aufwuchs. Only the prevention of emigration (drift) led to the
observed collapse in treatments 6–0 and C–C. However, a complete extinction of the grazer
population was even in this treatments not observed, due to the strong resistance of grazers
against starvation (Rybicki et al., 2012). In treatment 6–0 at least a few grazers were able to
survive and grew successfully, although they did not reach adulthood within the experimental
time.
In conclusion, the described mechanism clearly underline the complexity of this even
simple interaction. The results show that sublethal concentrations of contaminants are able
to reduce the effectiveness of the function at a certain time, due to the developmental deficits
of grazers. On the other hand the results indicated a rather strong stability of this interaction
against abiotic and biotic stress and a great recovery potential, due to the complex feedback
mechanisms. However, it should be finally noted that these mechanism only work on the
sublethal level. Lethal concentrations will still cause dramatic changes within this interaction
as show in chapter 4.
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The use of pesticides within the industrialized agriculture poses a certain risk to the aquatic
environment in terms of ecosystem functioning and biodiversity (Beketov et al., 2013;
Köhler and Triebskorn, 2013; Schaefer et al., 2011, 2007; Liess and Von der Ohe, 2005).
The present study focused on the direct and indirect effects of a herbicide and an insecticide
alone or in combination on the important grazer-aufwuchs-interaction in stream ecosystems.
Different micro- and mesocosm experiments were performed to reveal negative impacts of
the two model pesticides Terbutryn (herbicide) and lambda-Cyhalothrin (insecticide) on the
quality and quantity of the aufwuchs community as well as on the life-history of the grazer
Rhithrogena semicolorata and its grazing performance.
Single exposure experiments
Based on the experience of the microcosm experiments of Rybicki et al. (2012) at first an
artificial indoor stream (AIST=Terbutryn) experiment was performed simulating the exposure of
stream ecosystems in autumn with a pre-emergence herbicide. The aim was to investigate,
whether an exposure at low Terbutryn concentrations affects the aufwuchs development and
whether these effects indirectly affect the grazer development.
The model herbicide Terbutryn clearly effected the aufwuchs development. Determined
effect levels for the endpoint aufwuchs biomass were 0.38 µg L−1 (LOEC) and 0.04 µg L−1
(NOEC), which was consistent with previous studies using Terbutryn (Rybicki et al., 2012;
Brust et al., 2001). Moreover, indirect effects of Terbutryn on grazer behaviour (drift) and
development (growth and energy storages) were found. The drift, induced by a reduction of
food quality and quantity, was thereby the most sensitive endpoint, as it increased already at
0.38 µg L−1 (LOEC), leading to a NOEC of 0.04 µg L−1. Clear effects on grazer growth and
triglyceride contents were found at 4.72 µg L−1 (LOEC), respectively. Hence, considering
the hypothesis of this experiments (page 5) the alternative hypothesis was supported by the
results. The performed Risk assessment of Terbutryn for German surface waters using the
measured environmental concentration (MEC) of up to 5.6 µg L−1 (Quednow and Püttmann,
2007) revealed a Toxicity Exposure Ratio (TER) of 0.007, which indicates a certain risk of
the model herbicide Terbutryn for the function of benthic grazing.
Insecticides are predominantly used in spring for pest control and may interfere in this
season with important developmental stages of mayflies. In the second experiment therefore
the insecticide lambda-Cyhalothrin (LCH) was investigated. LCH is a pyrethroid insecticide
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and has a high lipophilicity, which lead to a fast adsorption to surfaces and organic matter
within the aquatic environment (He et al., 2008; Leistra et al., 2004; Maund et al., 1998).
Hence, in streams LCH will adsorb quickly also on aufwuchs and will be available for benthic
invertebrates. Two experiments, an AISL=LCH and a batch experiment, were performed to
test for lethal and sublethal effects of LCH on grazers and the resulting indirect effect on
aufwuchs. Due to the high lipophilicity of LCH the usage of water concentrations for the
risk assessment was not suitable and respective aufwuchs loads (µg g−1 OC) were calculated
for this purpose. LCH caused in both experiments in the highest tested concentrations a
rapid paralysis of grazers shortly after exposure and finally total mortality. The determined
LC50 values were 1.2 and 2.4 µg g−1 OC in the batch and AISL experiment, respectively. In
the lower tested concentrations sublethal effects, like increased drift activity in the AISL
experiments (NOEC 0.09 µg g−1 OC, LOEC 1.36 µg g−1 OC) as well as reduced feeding of
grazers in both experiments, were observed. As a result of feeding inhibition the growth
of grazers as well as their energy storages were significantly reduced. For the endpoint
dry weight a NOEC of 0.09 µg g−1 OC (both experiments) and a LOEC of 0.9 µg g−1 OC
and 1.36 µg g−1 OC in the batch and AISL experiment were determined, respectively. The
triglyceride contents were significantly reduced at 0.9 µg g−1 OC in the batch experiment
and at even 0.09 µg g−1 OC in the AISL experiment (LOEC). The respective NOECs were
0.09 µg g−1 OC in the batch experiment and 0.007 µg g−1 OC in the AISL experiment.
Beside the direct effects of LCH on the grazers also indirect effects on the aufwuchs
were observed. In the AISL only a density mediated indirect effect, caused by the total
extinction of grazers from the system, could be shown (NOEC 1.36 µg g−1 OC, LOEC
7.73 µg g−1 OC), whereas a clear trait mediated indirect effect, caused by feeding inhibition
of grazers, was shown in the batch experiment (NOEC 0.09 µg g−1 OC, LOEC 0.9 µg g−1 OC).
Considering the hypothesis of the second experiment (page 6) both alternative hypothesis
were supported by the results. Again also the performed risk assessment using the MEC of
up to 1.68 µg g−1 OCreported by Weston et al. (2004), revealed a considerable risk of LCH
for the important function of benthic grazing in the lotic environment with TER values of
0.004–0.57 for the direct effect and 0.05–0.81 for the indirect effect of LCH.
The first two approaches revealed already a certain risk of the single substances for the
grazer-aufwuchs-interaction and, hence, for the important function of benthic grazing. For
grazers, which perform this function, effects on the recent as well as on the next generation
were deduced from the gained results. The strongest effect on this interaction is of course the
lethal effect of the insecticide, which directly reduces the abundance of grazers. However,
the focus of this study lies on the sublethal effects of both pesticides. The observed increase
of the drift activity (active and passive drift) as well as the deceleration of grazer growth
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were the major sublethal effects of both pesticides suspected to affect the effectiveness of the
benthic grazing performed by the recent grazer generation. Drift was thereby suspected to
significantly affect the spatial distribution of grazers and, hence, their abundance. The decel-
eration of growth, due to starvation or feeding inhibition, was on the other hand suspected to
influence the biomass of grazers. From the literature it is known that both factors, biomass
and abundance, are influencing the effectiveness of the benthic grazing (Hillebrand, 2002;
Anderson et al., 1999; Feminella and Hawkins, 1995), hence, a reduction of either one of
them will reduce the effectiveness of this important function.
A further observed effect was the reduction of trigylceride contents, due to food
shortage (herbicide) or feeding inhibition (insecticide). Triglycerides are known to be
important for the reproductive effort of grazers (Rybicki et al., 2012; Winkelmann and Koop,
2007). Hence, also an effect on the next grazer generation, due to a reduced reproductive
effort, was suspected from the experimental results. The extrapolation of the data on this
scale is of course uncertain, as different studies revealed a great recovery potential of grazers
(Hervant and Renault, 2002; Calow, 1975) as well as further mechanisms to compensate
developmental deficits e.g. by shifting the emergence time (Hellmann et al., 2011).
Combined exposure experiments
The final experiments were carried out to test the advanced hypothesis and to look for possible
synergistic effects of the used pesticides. The experiments combined therefore the former
approaches by simulating a time-shifted exposure of both pesticides in an extended AIST+L
and batch experiment. Of special interest was, whether the reduction of the physiological
condition of grazers, caused by the indirect effect of the herbicide, increases the effect
strength of a subsequent insecticide exposure on grazers.
The gained results of the final experiments were thereby much more complex compared
to results gained from the single exposure experiments. Nevertheless, both experiments
revealed interesting results, especially as the start conditions of both experiments were finally
rather contrary. In the batch experiment the grazers had a nearly similar physiological
condition at the time of LCH application as they were able to compensate the already
different aufwuchs quantity and quality through increased feeding. In the AIST+L experiment
the physiological conditions of grazers were obviously different, but the aufwuchs quantity
was almost equal at the time of LCH application.
For the most apparent endpoint mortality no increase of the LCH effect strength,
due to herbicide pre-exposure, could be revealed in both experiments. However, the batch
experiment clearly showed that in the case of nearly simultaneous exposure of herbicide and
insecticide the indirect effect of Terbutryn on grazers strongly depends on the direct effect of
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LCH. The density mediated indirect effect of Terbutryn was only transferred to the grazers,
if they were still able to feed on the aufwuchs. That seems trivial, but it underlines that a
synergistic effects occurs under these circumstances only within a very small concentration
range.
The most important outcome of the AIST+L experiment was the reduction of the grazing
performance in treatments with combined exposure. As expected from the results of the
single exposure experiments the reduced growth of grazers, due to the indirect Terbutryn
effect, as well as the inhibition of feeding by LCH enabled finally the recovery of the
aufwuchs and a much higher biomass of autotrophic aufwuchs components compared to
treatments with single pesticide exposure. The strength of the grazing pressure exerted on the
aufwuchs was most obvious in the control (C–C) as well as in treatment with only Terbutryn
exposure (6–0). The consumption of aufwuchs by grazers was here much higher than its
growth rate, which finally resulted in very low aufwuchs biomasses and starvation of grazers,
due to food shortage. In contrast, the aufwuchs recovered in treatments with combined
exposure, which even enabled the compensation of the developmental deficits of grazers
obtained during the first exposure period. Moreover, it was suspected from the results that
the physiological conditions of grazers influenced their recovery from LCH.
Apart from these results the AIST+L experiment revealed the buffer capacity of this even
simple interaction under sublethal pesticide exposure through trophic feedbacks and tolerance
on the species (grazer) as well as the community level (aufwuchs). In detail the grazers
showed a high resistance against starvation as also described in former experiments (Rybicki
et al., 2012). Moreover, they showed also a great potential to recover from developmental
deficits in treatments with sufficient aufwuchs biomass (6–0.1, 6–1). This is consistent with
studies of Hervant and Renault (2002) and Calow (1975), who showed the compensatory
growth of invertebrates after starvation as well. Additionally, the aufwuchs contributed to
the observed stability of the grazer-aufwuchs-interaction. The data indicate a shift of the
aufwuchs community induced by heavy grazing, which is a common effect within lotic
aufwuchs communities (Alvarez and Peckarsky, 2005; McIntosh et al., 2004). Finally, the
aufwuchs showed also a fast recovery in the LCH treatments, which subsequently enabled
the recovery of grazers in these treatments (6–0.1 and 6–1).
Considering the main hypothesis of these experiments (page 6), the first alternative
hypothesis "The indirect effects of Terbutryn on R. semicolorata will decrease their capability
to cope with a subsequent LCH exposure, which increases the effect strength of LCH on
grazers" could be supported for sublethal effects, but not for lethal effects. The second
alternative hypothesis "The combined exposure will lead to an stronger indirect effect on
aufwuchs" was supported by the AIST+L experiment, due to the higher biomass of aufwuchs
in treatments with combined exposure.
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Expected effects on the function of benthic grazing in the field
Based on results of the single exposure experiments effects on the recent and on the next
grazer generation were suspected, which may reduce the effectiveness of the benthic grazing.
The results of the combined experiments clearly revealed that a combined exposure reduces
the grazing performance of the recent grazer generation, due to reduced growth and feeding
inhibition. Both treatments with combined exposure (6–0.1 & 6–1) showed a clearly reduced
grazing performance compared to the control (C–C). On the other hand the experiments
revealed that a Terbutryn exposure alone (6–0) did not reduce the grazing performance
significantly, although the growth and the physiological condition of grazers were strongly
reduced by the indirect effect of Terbutryn. The starvation tolerance of grazers as well as the
compensatory growth during increasing aufwuchs biomasses enabled a high grazing pressure
even after a longer period of starvation in treatment 6-0, which finally prevented a strong
increase of the aufwuchs biomass at the end of the experiment. LCH exposure alone (0–1)
seemed to reduce the grazing performance at least temporarily, but finally no clear increase
of aufwuchs biomass was observed. However, the missing signs of starvation in grazers of
this treatment indicate at least a slight recovery of the aufwuchs.
Considering the suspected effects on the next grazer generation, the observed buffer
capacity of the grazer-aufwuchs-interaction as well as the observed recovery potential of
grazers reduce the probability that sublethal concentrations of the used pesticides affect the
next grazer generation. This is supported by studies describing the phenotypic plasticity of
mayfly larvae in dependence of abiotic and biotic factors (Hellmann et al., 2011; Peckarsky
et al., 2001), which may be used to compensate developmental deficits caused by sublethal
pesticide exposure. However, it must be noted that the kind of insecticide is here of major
importance. For instance juvenile hormone analogues are known to affect primarily the
final moulting (Dhadialla et al., 1998) and, hence, the emergence success of stream insects
(Jungmann et al., 2009; Licht et al., 2004), which would definitely influence the next grazer
generation.
Final risk assessment
The single exposure experiments clearly revealed a risk of the tested two pesticides Terbutryn
and LCH for the environment. For Terbutryn the TER, calculated from the lowest NOEC
(aufwuchs biomass and drift) and the highest MEC values reported in the literature, was
0.007. Hence, indicating a clear risk of direct and moreover indirect effects of the substances
in the environment. For LCH the TER calculated with lowest NOEC of the direct effects was
0.004 (endpoint triglyceride content) and the TER calculated with the NOEC of the indirect
effect (aufwuchws biomass) was 0.05. Hence, indicating a risk for direct and again indirect
effects within the environment as well.
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For the final experiment no TERs could be calculated, due to edge effects influencing
the control development and the therefore hampered deduction of effect levels. However, the
experiments revealed an obvious effect of the combined exposure on the performance of the
benthic grazing in both tested concentrations, which indicates an certain risk for this function
within the sublethal concentration range. Moreover, some aspects are still not completely
understood. Especially the influence of the increased grazer drift on the effectiveness of the
benthic grazing is not yet investigated. Considering that the aquatic environment is polluted
with a complex matrix of substances and that different herbicides and insecticides appear
simultaneously, as shown in regular monitoring programs (Schaefer et al., 2011; ARGE
Elbe, 2004; Arndt-Dietrich, 2002), reveals an even increased risk for the function of benthic
grazing by combined pesticide exposure compared to single exposure. However, the final
experiment also revealed a great buffer capacity of the grazer-aufwuchs-interaction and a
strong recovery potential of aufwuchs and grazers from sublethal pesticide concentrations.
These results indicate that negative effects of sublethal pesticide concentrations can be partly
compensated.
As the risk for the function of benthic grazing is a product of the risk of herbicides and
insecticides, a consequent risk mitigation of the single substances, e.g. due to reductions of
entries from agriculture by riparian buffer zones and due to a responsible usage of pesticides
within agriculture, is necessary to reduce the risk on the functional scale. This will be
supported by the stress tolerance and recovery potential of aufwuchs and grazers, which led
to the observed buffer capacity of this function.
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A. Irradiance regression model
Due to the regular occurring malfunctions of the radiometer during times of high light
intensities in the greenhouse, a modelling approach was chosen to make a rough prediction
of the mean daily light intensity. The model itself based on a linear regression of main
daily light intensity in the greenhouse versus day length at the geographical position of the
greenhouse.
To provide enough data for a reliable prediction of the mean daily light intensity,
the radiometer data of all 3 AIS-experiments were used. In the first step the mean daily
light intensity for every day of each experiment was calculated and the respective day was
assigned to its number during the year (1. January according to 1, 31. December according
to 365). In the case of a cumulative measure over several days the cumulative intensity
was simply divided by the number of days to calculate the mean daily light intensity. In
the next step the minimum, maximum and mean day length for the geographical position
of the Greenhouse during the year was calculated using an official program on the website
"http://www.solartopo.com/tageslaenge.htm" (04.11.2011), which revealed a minimum day
length of 7.13 hours, a maximum of 16.23 hours and a mean day length of 11.68 hours. The
interpolation of the day length on all other days of the year was done using a sinus function






× D − 81

+ 11.68 (A.1)
LD - Day length at day D; D - Number of day during the year.
The first model was the linear regression, whereas the second model used Box-Cox-
transformed data to account for missing normality of model residues and variance inhomo-
geneity of the data. Details of the models are depicted in Table A.1. Both models revealed a
equal r2 of 0.84. The results of the model extrapolation to the light data are shown in Figure
A.2. As the malfunction of the radiometer occurred preferentially at days with hight light
intensities and hence, values of days with higher light intensities are missing more often, the
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data is biased to lower light intensities. The second model compensated this bias better and
was therefore ﬁnally chosen for the prediction of mean daily light intensity in this study.


























Figure A.1.: Regressions of day length versus mean daily light intensity. green - linear regression, red -
prediction from linear regression with transformed data. n = 298.
Table A.1.: Details of linear regression models. Shapiro-Wilks Test was used to detect deviances of normal
distribution of residuals. Fligner-Killeen Test was used to test for inhomogeneity of variances. DLI - daily
light intensity, LD - day length.
Nr. Model formula r2 Shapiro-Wilks Test Fligner-Killeen Test
1 DLI ~ LD 0.84 p-value = 1.873e-15 p-value = 3.25e-9
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Figure A.2.: Extrapolation of linear regression models to the light data of all 3 AIS-experiments. black dots -
detected mean daily light intensities at respective dates, green - prediction from simple linear regression
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